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Abstract
Cassava (Manihot esculenta Crantz.) is a member of the Euphorbiaceae family,
cultivated in the tropics and subtropical areas as a staple food crop for more than 700
million people around the world. The starchy storage roots of cassava are rich in calories
and deficient in all other nutrients, cassava meals has the lowest of all sources of dietary
protein. Severe protein deficiencies and malnutrition problems are common among those
who rely on cassava as their daily meal. Although cassava is ranked the fifth most
important crop in the world, the research on this crop is very limited. Among the limited
number of reports on cassava genetic transformation, only one attempt was concerned in
nutritional enhancement of cassava storage roots.

In this thesis, methodologies of

improving the protein content in cassava storage roots are demonstrated. I investigated
the possibility of accumulating storage proteins and studied the limitation of this process
in the storage roots of cassava. Tissue and subcellular-targeted protein expressions are
found to concentrate the expressed proteins and improve the amino acid profile in
cassava storage roots. Fusing targeting signal peptides, which stabilize the expressed
proteins in protective subcellular environments, enhances the storage protein
accumulation in cassava root cells. In addition, establishing a strong protein sink in the
storage roots redirects the nitrogen flow from cyanogen biosynthesis towards the protein
synthesis machinery. On the other hand, the ability to increase the protein content
indirectly by modifying metabolic pathways, such as the pro-vitamin A pathway,
illustrates the huge potential of cassava and the wealth of its genetic resources. I also
clearly demonstrated that protein accumulation in the roots and pro-Vitamin A
enhancement are inducing a number of changes in several biochemical pathways. All
these modifications have been tested in field trials, where transgenic plants are evaluated
for their phenotype and yield productivity.

The objective of all the experiments

performed in this study is to increase the protein content in cassava storage roots and
provide solutions to the malnutrition problems for those who cannot afford to supplement
their cassava meals with other nutritious foods.

To my loving wife Dina and our lovely kids Mayada and Omar Abhary
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Biology of cassava
Cassava (Manihot esculenta Crantz), referred to as tapioca, yucca, manioc or
mandioc in different parts of the world, is a dicot woody perennial shrub that belongs to
Euphorbiaceae family (Hillocks, et al., 2002), cultivated in the tropics and subtropics
between latitudes 30° north and 30° south of the equator (Nweke, et al., 2002), and
appreciated for its high starch content. The storage roots of cassava, the main edible part,
can be harvested from 6-24 months after planting, depending on the cultivar and the
growing conditions, 6-7 months in high humidity regions and 18-24 months in regions
where long periods of cold or drought are dominant (Cock, 1984). Cassava is propagated
through planting stem cuttings or by sexual seeds; growing from true seeds takes longer
to establish and it is often used in breeding programs, while growing cassava from
cuttings is faster where sprouting and adventitious rooting starts after one week of
planting (Hillocks, et al., 2002).

The roots of cassava are not tubers, but rather

considered as swollen true roots that cannot be used for vegetative propagation.
As described in other dicotyledonous plants, a typical taproot system develops
from cassava seeds where it grows vertically downwards giving adventitious roots. Next,
the taproot and some of the adventitious roots develop into storage roots. Cassava plants
grown from stem cuttings give rise to adventitious roots from its basal cut buds under the
soil, which will develop into fibrous roots. Later, some fibrous roots (from three to ten)
become storage roots by secondary growth swelling (De Souza, et al., 2004), most of the
other fibrous roots continue to function in water and mineral absorption. The mature
storage roots have decreased ability to absorb water and nutrients from the soil as they
specialize in storing starch, consisting three distinct layers: bark (periderm), peel (or
cortex), and flesh (or parenchyma) as illustrated in figure I-1.
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Figure I-1 Anatomy of cassava storage roots. Cross section of cassava storage root
showing the different cell layers.

The parenchyma layer has radially distributed xylem vessels in a matrix of starchcontaining cells (Wheatley & Chuzel, 1993).

The peel layer is comprised of

sclerenchyma, cortical parenchyma, and phloem. Root size and shape depend on cultivar
and environmental conditions; variability in size within a cultivar is greater than that
found in other root crops (Wheatley, & Chuzel, 1993). Cassava is a C3 plant (Edwards,
et al., 1990) that carries high photosynthesis rates reaching 35µmol CO2 m2 (ElSharkawy & Cock, 1990), best grown in temperatures ranging between 18°C and 25°C,
draught tolerant and can adapt to poor soils with pH ranging from 4 to 9 (Nweke, et al.,
2002).
The genus Manihot has more than 100 species, although only one species is
commercially cultivated (Manihot esculenta Crantz), reserved in many germplasm banks
in different parts of the world, Centro Internacional de Agricultura Tropical (CIAT) in
Colombia has the largest cassava germplasm collection with more than 4700 accessions
(Bonierbale, et al., 1997), followed by The Empresa Brasileira de Pesquisa Agropecuária
(EMBRAPA) collection in Brazil, with around 1700 accessions (Fukuda, et al., 1997).
Cassava cultivars are also classified based on their poisonous cyanogenic glucosides
content (Wheatley, et al., 1993), which are hydrolyzed in response to wounding after
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harvest giving hydrogen cyanide that protects from pathogens but cause acute poisoning
when consumed raw (Kamalu, 1993). The major cyanogenic glycoside in cassava is
linamarin (95%), which is synthesized in leaves and transported to roots (Wheatley &
Chuzel, 1993).
Cassava as a diet
Cassava storage roots are valued for the high calorie content and for the
superiority when compared to other crops as a source of food security against famine
(Augusto & Alvez, 2005), where the roots could be left in the ground for a long period of
time before harvest. The crop is propagated vegetatively from stem cuttings allowing the
storage roots to be entirely used as food without the need to retain any for next year’s
replanting (Andersen, et al., 2000).

As a good source of dietary carbohydrates,

containing more than 85% starch in its dry weight (dw), cassava roots are deficient in
proteins, vitamins, and minerals (Cock, 1985). Protein content in cassava roots range
from 0.7% to 2% (dw), with very low sulfur containing amino acids content (Omole,
1977; Nassar & Sousa, 2007). Cassava roots are eaten in the form of gari, fufu, tapioca,
sliced crisps, or it can be processed into flour to make bread, cake, pasta and crackers. In
addition, starch is purified and produced from cassava roots contributing to the growing
industry in emerging countries.

Unfortunately, severe famines and chronic protein

deficiencies are reported in areas where cassava is extensively grown (Lancaster, et al.,
1982). Additional food sources are required to ensure a diet balanced in protein, vitamins
and minerals (Cock, 1985). In addition to the storage roots, cassava leaves are sometimes
consumed to supplement dietary requirements in South America and some African
communities that extensively depend on cassava in their diet (Lancaster, et al., 1982).
Further processing of the root and leaf meals by boiling and fermentation is required to
detoxify its high cyanide levels (Yeoh, et al., 1998). Processing cassava roots to prepare
meals does not remove all the cyanogenic glucosides, leaving the digestive system to
detoxify these remaining compounds and benefit from the high calorie diet to perform
daily activities. Unfortunately, the cyanogenic glucosides along with low protein content
in the diet results in diverse diseases that can develop into severe and acute symptoms
leading to death (Kamalu, 1993).
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Genetic improvement of cassava
For many decades, researchers have tried to introduce biotechnology into their
cassava breeding programs by establishing biochemical and molecular research studies
on this crop to solve its problems and increase the productivity. Conventional breeding
programs were able to introduce new traits to cultivated cassava from its relative wild
types such as viral and bacterial disease resistance and improved post-harvest qualities
(Nweke, et al., 2002), but traditional breeding alone is limited to the genetic pool of
cassava with the hurdles of providing fast solutions to the farmers and consumers, such
hurdles include the production of cyanogen-free cassava.
The advanced techniques of genetic engineering have been recently employed to
complement the traditional breeding methods after the development of successful
transformation protocols (Taylor, et al., 2004), giving the farmers and consumers a new
hope for a future cassava crop that fits into their climate conditions with new desirable
traits. Transgenic cassava has been generated in different laboratories to face different
challenges such as cyanogens content (Siritunga & Sayre, 2004), insect resistance
(Ladino, et al., 2002), virus resistance (Challappan, et al., 2004), and herbicide resistance
(Sarria, et al., 2000). Other transgenic approaches aimed to modify the nutritional quality
of cassava by manipulating the starch biosynthetic pathway to produce amylose free
starch in the storage roots or increase the biomass productivity by upregulating the starch
biosynthesis pathway (Ihemere, et al., 2006).
The low protein content in cassava storage roots is mentioned or reported as a
problem in all publications and studies concerning cassava. Breeding programs had high
expectations among investments in agricultural research but are often limited within the
genetic pool of the plant species. Cassava hybrids are known to be variable in size, shape
and yield depending on the cultivar and growing conditions with higher variability rates
than other root crops (Wheatley & Chuzel, 1993). Protein content is another variable trait
in cassava roots shown as differences in amino acid composition between species and
hybrids (Yeoh & Chew, 1977). Crude protein estimates are based on values of total
nitrogen (micro-Kjeldahl nitrogen) multiplied by the conversion factor of 6.25, where
protein usually contains 16% nitrogen.

Total nitrogen values and calculated crude

protein are often affected by the sample humidity, where excessive drying can result in
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increasing the nitrogenous matter by three fold due to cyanogenic glucosides breakdown
(Nassar & Sousa, 2007). Previous reports have shown that this conversion factor is not
true for cassava roots and that it over-estimates the true protein value by at least 2-3 fold
(Yeoh & Truong, 1996). Nitrogen content in cassava is distributed between amino acids,
cyanogenic glycosides, inorganic nitrogen and unidentified non-protein-nitrogen (NPN)
compounds that represent more than 40% of total nitrogen (Diasolua, et al., 2003).
Therefore, applying sensitive methods, such as Bradford assay (Bradford, 1976), to
measure true protein content in cassava is important as a tool in transgenic and breeding
programs concerned in improving the protein content of cassava roots. The cassava root
proteome was shown to lack storage proteins (Sheffield, et al., 2006; Li, et al., 2010),
two-dimensional gels were able to spot almost 2600 different proteins and identify more
than 290 from large amounts of root material (Sheffield, et al., 2006), concluding that
cassava roots had a variety of functional proteins in very low amounts. On the other
hand, breeding to improve the amino acid profile of cassava storage roots showed the
feasibility to enhance sulfur-containing amino acids and improve the overall calculated
crude protein content (Nassar & Sousa, 2007). Breeding programs in EMBRAPA, and
other research institutes in Brazil reported new cassava clones and cultivars with
enhanced protein content and amino acids in the storage roots (Nassar & Sousa, 2007).
Unfortunately, these clones cannot cross the borders because of Brazilian government
regulations. Therefore, the expression of nutritional proteins in cassava is very important
to balance the diet and solve the problem of protein deficiencies for those who depend on
cassava in their daily eats in Africa and other parts of the world, an urgent need in today’s
world food crisis where supplementing cassava meals with other food sources are highly
expensive.
The first and only transgenic cassava expressing a nutritional protein to
complement the amino acid profile in cassava storage roots was reported a few years ago
(Zhang, et al., 2003b). An artificial storage protein (ASP1), which was designed to
contain high concentrations of essential amino acids, was successfully expressed in
cassava. Transgenic cassava lines harboring ASP1 were confirmed by both RNA and
protein analysis and although total protein content was the same as non-transgenic
controls, the levels of amino acids proline and serine were higher in transgenic lines
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ASP1 along with other enzymes, modifying biosynthetic

pathways expressed in cassava demonstrates the feasibility of nutritional enhancement by
protein expression.
Storage root specific expression
Cassava leaves are rich in proteins and vitamins; this is not true in the storage
roots. Apparently, the storage roots of cassava have suppressed its protein expression to
specialize in starch synthesis and storage, keeping only essential proteins at minimum
expression levels as shown in the proteome study of storage roots (Sheffield, et al.,
2006). The search for native cassava storage root promoters has not yet come up with
specific promoters that could be used to target protein expression to specific cell types in
the storage root of cassava. Two promoters were identified from the study of a cDNA
library from a Colombian cassava cultivars MCol1505, C15 and C45, showed vascular
and storage root specificity (Zhang, et al., 2003a). These promoters were found later to
be development-related promoters with weak expression profiles.

The previously

mentioned ASP1 protein was expressed constitutively under the control of CaMV 35S
promoter; this promoter was also shown to be weak for accumulating proteins in cassava
storage roots (Zhang, et al., 2003b). On the other hand, tuber specific promoters from
other crops have shown to be strong and specific. Such promoters, like the sporamin
promoter from sweet potato, granule-bound starch synthase promoter and patatin
promoter from potato, have been shown to be sink promoters with sucrose induced
activity and a strong expression profile (Mignery, et al., 1988).
The criteria of nutritional proteins to be introduced to cassava
There are many storage proteins in different crops that could be used to enhance
the protein content in cassava. Expression of seed storage proteins and tuber storage
proteins from other crops or chimeric and synthetic proteins in cassava appears to be a
more practical strategy than conventional breeding, which requires a long time of
laborious efforts. Development of improved cassava product with enhanced protein
levels requires the filtration of known storage proteins to select a candidate protein that
can be accepted by cassava plant, consumers, and biosafety regulators. Choosing the
candidate storage protein with nutritional value, stability, and a well-studied allergenicity
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profile limits the choice to a few examples that can be employed to improve cassava
nutritional value.

For example, the sulfur content in such proteins is an important

criterion for choosing a nutritional protein; the sunflower seed albumin is rich in sulfurcontaining amino acids and does not show any allergenic effects and this protein has
already been used to improve the nutritional value of alfalfa (Tabe, et al., 1995) and
lupine (Molvig, et al., 1997). Ama1 is another seed albumin that has been used to
improve potatoes nutritive value (Chakraborty, et al., 2000); this protein showed a
significant increase in total protein and essential amino acids up to eight-folds with
remarkable expression stability.
The only two known tuber storage proteins that have good nutritional profiles
with sulfur-containing amino acids and have been well studied for allergenicity are
sporamin from sweet potato and dioscorin from yam (Shewry, 2003). Sporamin is the
main storage protein in sweet potato that has been well studied and shown to be rich in
sulfur-containing amino acids; sporamin has a nutritional value close to milk (Xiong, et
al., 2009) and stimulated by wounding in sweet potato to function in defense against
herbivores (Cai, et al., 2003). Expressing sporamin in cyanogen-free cassava can help in
insect resistance to complement the loss of cyanogens beside its major role in adding
nutritional value to the storage roots. Another candidate protein that can be used to
enhance the nutritional value of cassava is dioscorin from yam tubers (Conlan, et al.,
1995). Dioscorin is the major storage protein in yam tubers, consisting more than 80% of
total protein content, the only drawback of this protein is that it is poor in lysine amino
acid.

Structural similarities between yam tubers and cassava storage roots make

dioscorin a good candidate to be expressed in cassava to increase its protein content
(Stupak, et al., 2006), if its sequence was adjusted to contain lysine.
Direct protein expression and subcellular targeting
In cassava, the only example for nutritional protein expression is the ASP1
protein (Zhang, et al., 2003b). The constitutive expression of ASP1 in the cytosol did not
show any significant increase in the protein content of transgenic lines as discussed
earlier. Previous studies suggested that the endoplasmic reticulum (ER) (De Jaeger, et
al., 2002) or the vacuole (Streatfield, et al., 2003) compartments could serve as protective
environments for the expressed protein and help in its accumulation as a storage protein,
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suggesting that targeting to subcellular compartments is a better strategy to achieve
higher protein content.
Plants use their ER as a station for sorting proteins to their final destination or to
accumulate proteins as aggregates during the development of seeds as nitrogen reserves
for the germinating plants (Pompa & Vitale, 2006). The ER serves as a quality control
checkpoint for newly synthesized proteins, the polypeptides enter the ER to fold and
assemble correctly before being sorted to its final destination in the cell. The plant ER is
known for its ability to tolerate unusually high protein accumulation without affecting the
plant development and reproduction (Vitale & Pedrazzini, 2005). Proteins that have a Cterminal ER retention tetrapeptide, usually KDEL or HDEL, are recognized in the Golgi
complex and translocated back to ER again to be accumulated as ER resident proteins
(Sitia & Braakman, 2003). Furthermore, genetically engineered proteins with KDEL or
HDEL signal peptides in their C-terminus were shown to accumulate more than one to
two fold in the ER of transgenic cells (Wandelt, et al., 1992), suggesting that the ER has
the ability to provide a protective environment for its resident proteins against
degradation.
Prolamins of maize, rice and sorghum are packaged in the ER as protein bodies
(Shotwell & Larkins, 1989), the ER retention of these proteins is believed to be related to
protein-protein interactions between themselves and with ER resident chaperones, such
as binding luminal protein (BiP) (Okita & Rogers, 1996), but the mechanism of protein
body formation is not well understood and still being investigated. The N-terminal of γzein, a prolamin of maize, has been shown to trigger protein body formation when fused
to the C-terminal of phaseolin, a vacuolar storage protein of white beans, in transgenic
tobacco (Maineiri, et al., 2004). This recombinant protein, called zeolin, is localized to
the ER in protein bodies with high stability and a change in its physical properties to
become insoluble. Zeolin was also successfully introduced into alfalfa (Bellucci, et al.,
2007a) to increase the nutritional value, zeolin in alfalfa showed remarkable results in
total protein content increase with 0.28 mg of zeolin / g of tissue. In the same time,
zeolin was shown to be localized to the chloroplasts when it is missfolded, in lower levels
than the ER with compromised stability by the proteolytic activity of the chloroplast

CHAPTER-I

21

(Bellucci, et al., 2007b)] giving a total 3.5% of soluble proteins in transgenic tobacco
cells, that naturally do not form protein bodies.
Amyloplasts are specialized cellular organelles for synthesizing and storing
starch, which represent 75-85% of cassava roots dry matter (Rickard, et al., 1991).
Although this compartment is filled with starch in cassava roots, potato amyloplasts were
found to contain some proteins, such as the transgenic Ama1, which is a cytoplasmic
protein (Chakraborty, et al., 2000). Furthermore, seed storage proteins, such as zeins in
maize, are found to be associated with starch, comprising about 50% of the total starch
granule associated proteins (Mu-Forster & Wasserman, 1998). Some storage proteins
and starch biosynthetic enzymes are always found associated and bound with starch
granules as nitrogen reserves for the plant or functional units that build up the starch
granules (Baldwin, 2001). The starch biosynthetic enzymes have a conserved starchbinding domain that allows it to interact with starch granules and perform its activity (Ji,
et al., 2003). In a biotechnological sense, starch-binding domains have been used in
targeting enzymes that can modify the structure or biochemistry of starch granules for
certain uses. This technology has not been applied to target storage proteins to starch
granules and there is no information about any effects on the starch biochemistry or
structure.
Indirect protein enhancement through biochemical pathways modification
Whilst the storage roots of cassava are specialized in starch synthesis and storage,
cassava leaves are rich in proteins and vitamins (Sheffield, et al., 2006). There are many
biological pathways that could be modified in the storage roots of cassava by expressing
key enzymes or transcriptional factors that may alter the composition and availability of
nitrogen and nutrients. Altering biochemical pathways is suggested to affect the amino
acid profile in cassava roots as reported in hybrids (Nassar, et al., 2009), leading to
changes in the protein content. Changing biosynthetic pathways has been reported earlier
as a strategy to alter protein value and level in soybeans and canola seeds (Falco, et al.,
1995).
Cassava has two cyanogenic glycosides (CGs): linamarin and lotaustralin in a
ratio of 97:3, respectively (Moraes, et al., 2000). The genetic control of CGs level has no
specific mechanism; cyanogenesis could be controlled by limiting the biosynthesis or by
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Previous studies have shown that CGs are

synthesized at early stages of cassava development in leaves and transported to roots
(Vetter, 2000). In mature cassava plants, CGs can be found at high concentrations
ranging between 10-500mg/kg of dry weight (Siritunga & Sayre, 2004). CGs are
hydrolyzed and HCN get released when tissues are disrupted during harvest by the cell
wall linamarase enzyme. The biodegradation of CGs in cassava storage roots would
enrich the amino acid pool, the building blocks for protein synthesis, and enhance the
nutritional profile.
Recent evidence suggests that increasing the beta-carotene content in cassava
roots leads to improved amino acid levels (Nassar, et al., 2009) in hybrids. The genetic
background of this specific relationship between carotenoids and protein content is
unexplored. To investigate this relationship here, two enzymes coding for 1-deoxy-Dxylulose-5-phosphate synthase (DXP) from Arabidopsis thaliana (Estevez, et al., 2001)
and Phytoene synthase (CrtB) from Erwinia uredovora (Ye, et al., 2000) will be used
along with a storage protein body to enhance the total protein content in cassava storage
roots. The idea behind this experiment is to activate functional genes in cassava roots
that are responsible for the chromoplast maturation and storage of β-carotene, in the same
time having a storage protein with a good nutrition profile to enhance the nutritional
value with essential amino acids. The hypothesis here is that when we enhance the βcarotene levels in cassava root cells, the cells will develop mature chromoplasts with
more structural and functional proteins that will help to store and stabilize the new
carotenoid content, leading to a total increase in the protein content.
Genetic and metabolic change impact on biofortified cassava
Differences in growth, branching, or storage root formation between the wild-type
and the genetically modified plants are unfavorable characteristics for the farmer,
especially when the yield productivity is decreased. The generated transgenic cassava
plants will be evaluated for their protein content and their phenotype compared to the
non-transgenic plants. On the molecular level, biochemical changes in transgenic plants
can affect the level of protein expression, such changes include amino acid distribution
and availability in both leaves and storage roots, which can limit the protein translation
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and accumulation level; this change will be considered in each experimental
investigation.
Transgenic cassava lines will be analyzed for their amino acid profile to identify
the impact of protein expression in storage roots. Similarly, total nitrogen content is
another limiting factor of the protein level in cassava; when a protein is expressed in high
levels it can either utilize the nitrogen reserve in the plant towards the newly synthesized
protein or it will affect the level of other proteins normally expressed in the plant. If other
proteins were not affected by the high expression of transgenenic storage proteins, then
there must be other nitrogen bound molecules changing levels in cassava; such changes
could be in the biosynthesis of the main amino acids that serve as building blocks for
other organic nitrogen in cassava. For example, the cyanogen biosynthetic pathway in
cassava, as another nitrogen reserve, involves the conversion of certain amino acids into
CGs in different stages during plant development (Sanatana, et al., 2002). The impact of
protein expression in storage roots on cyanogen content in both leaves and roots will be
measured to see whether the newly expressed protein has any effect on cyanogen levels
in cassava.
Starch is a major storage molecule in cassava storage roots and it is the main
character that makes cassava a staple root crop in Africa. Changing the starch nature in
cassava roots might not be an advantage for consumers; therefore, proper analysis of the
starch content and dry matter is a priority in this study.
Scope of this thesis and hypotheses
Plants are considered the main source of protein for people around the world,
representing more than 60% of our daily diet (Sun, 2008). Cassava is a major crop in
Africa and is consumed by more than 700 million people around the world; it is
considered the only source of carbohydrates for some African communities (Augusto &
Alvez, 2005).
There has been only one attempt, to this date, concerning nutritional improvement
of cassava storage roots through transgenesis (Zhang, et al., 2003b). Therefore, I focus
here on building a base of information to help us understanding the biology of targeted
protein expression in cassava, enhancing the protein content in its storage roots and
improving the nutritional quality of this crop.

CHAPTER-I

24

The overall goal of this study is to explore the ability of cassava to express, store
and accumulate proteins in its storage roots, hypothesizing that I can improve the protein
content in cassava by targeting the expression to sub-cellular compartments in its storage
roots. Studying the biology of sub-cellular and tissue-targeted protein expression in
cassava will help us to understand how cassava can regulate the reserved amounts of
nitrogen in the plant.
A variety of different proteins will be used here to explore the nature of protein
body formation in cultured tobacco BY2 cell line and apply this knowledge to cassava by
targeting the best candidate proteins into storage roots. Natural protein body forming
protein sequences have signals that regulate its targeting and accumulation; we
hypothesize that these signals can trigger the protein body formation for any soluble
protein. The objective here is to focus on understanding the targeting signals that would
result in a high protein accumulation and leave the choice open for the target protein
itself, which later could be cloned and transformed into cassava by a root specific
promoter.
Since cassava storage roots contain more than 80% starch, targeting proteins to
bind to starch granules will also be considered here, but the criteria of this experiment is
to express starch-bound proteins without compromising the starch morphology or
biochemistry. To better understand the nitrogen flow and the source-sink relationship in
cassava plant, we will investigate the level of cyanogens in all protein-enhanced cassava.
Furthermore, from the biochemical pathways to consider is the carotenoids pathway;
enhancing β-carotene will require the cell to find a storage and protective environment
for the newly synthesized molecule. In this sense, I hypothesize that cassava with
enhanced β-carotene in the storage roots will activate many functional and structural
proteins to protect and store this molecule, believing that this will affect the total protein
content in cassava and at the same time enhance the nutritional quality of cassava storage
roots. The comparison between these transgenic plants and the ones that express storage
proteins alone will enrich our informational background on how the nitrogen reserve
could be utilized in cassava to give higher protein content in storage roots. The effect of
gene transfer and expression on the whole genome of cassava will also be explored. The
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objective here is to find any changes that occur in transgenic cassava expressing any of
the proteins, β-carotene synthetic enzymes, storage proteins or both together.

Justification
In this study, I developed a protein expression system in plant cells that enables
protein to form protein bodies (PBs) and accumulate to high levels in plant tissues
without compromising plant growth or development (US patent: PCT/US2009/051295).
The outcome of this study can be used later to transform African cassava cultivars, the
farmer preferred cultivars, to meet the needs of the exploding population in Africa and
save people from malnutrition problems, for those who depend primarily on cassava as
their only source of diet.
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CHAPTER II

Exploring the ability of cassava storage roots to express, store and
accumulate storage proteins
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Abstract
For those living in severe poverty, food consumption is restricted largely

to the staple food crops, which provide sufficient energy but are deficient in total
protein and essential amino acids (Anonymous, 2007). Although calorie dense,
the lowest of all sources of dietary protein are the starchy, tuberous roots of
cassava (Manihot esculenta Crantz.) (Montagnac, et al., 2009). Cassava was
genetically modified to express zeolin, a nutritionally balanced storage protein
under control of the patatin promoter. Transgenic plants accumulated zeolin
within de novo protein bodies localized within the root storage tissues, resulting in
total protein levels of 12.5% dry weight within this tissue, a four fold increase
compared to non-transgenic controls. No significant differences were seen for
morphological or agronomic characteristics of transgenic and wild-type plants in
the greenhouse and field trials but relative to controls levels cyanogenic
compounds were reduced by up to 55% in both leaf and root tissues of transgenic
plants.

Keywords: cassava, zeolin, protein body, storage roots
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Introduction

Cassava (Manihot esculenta) is cultivated throughout the tropics and sub-Saharan
Africa as a major staple food crop (FAO. 2010). Previous studies have shown that the
cassava storage root proteome has no storage proteins (Sheffield, et al., 2006), the starchy
roots of cassava possess levels of total protein in the range 0.7-2.0% dry weight (dw)
(compared to 7-14% in cereals (Young & Pellett, 1994)) and are almost completely
devoid of sulfur-containing amino acids (Montagnac, et al., 2009; Omole 1977; Nassar &
Sousa, 2007). Insufficient protein intake is a major causal factor of protein energy
malnutrition (PEM), which is estimated to affect one in four of the world’s children
(Anonymou, 2007). Cassava has the lowest protein:energy ratio (P:E) of any staple food,
leaving resource-poor populations that rely on cassava as their major source of calories at
high risk of PEM (Stephenson, et al., 2010) and developing conditions such as
Kwashiorkor (Sreeja & Leelamma, 2002) and other pathological disorders (Rosling,
1988).Reports of successful transgenic modification of starchy storage organs to
accumulate storage proteins are uncommon. Chakraborty et al. (2000) reported a 40%
increase in the protein content of potato tubers by accumulating the seed albumin protein
from Amaranthus. The protein content of sweet potato tuberous roots was enhanced 3-5
fold by expressing the artificial storage protein ASP1 (Egnin, et al., 2001), but this
occurred in a non-specific manner, with similar levels of artificial protein also
accumulated in transgenic shoot tissues. When the ASP1 gene was expressed under
control of the CaMV 35S promoter in cassava (Zhang, et al., 2003), no significant
increase in protein content was achieved in the storage root organs.
In this study, cassava was genetically modified to express storage proteins deriven
by patatin promoter (Koster-Topfer, et al., 1989) to direct transgenic expression of green
fluorescent protein (GFP) and zeolin to the storage roots. Zeolin is a fusion product
between phaseolin, the major storage protein in common beans (Phaseolus vulgaris), and
a truncated gamma-zein protein from maize (Zea mays), where the fused polypeptide is
directed to form stable protein bodies originated in the ER (Mainieri, et al., 1989).
Previous reports have shown expression of zeolin to result in significant accumulation of
this storage protein in leaf tissues of tobacco and alfalfa (Bellicci, et al., 2007a). The
transgenic cassava plants expressing zeolin resulted in storage roots that accumulated up
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to 12.5% dry weight protein, greater than a four-fold increase compared to controls.
Analysis of transgenic plants grown under greenhouse and field conditions have
confirmed that this trait is stable, does not affect plant development and was correlated
with a significant reduction in the cyanogenic glycoside content of both leaf and root
tissues.
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Production and analysis of transgenic plants
Cassava plants were genetically transformed with pILTAB-35SGFP and pILTABPatatinGFP constructs as soluble protein controls along with pILTAB601 and
pILTAB600, in which zeolin is expressed under control of the CaMV 35S and patatin
promoters respectively (Figure II-1A). From zeolin constructs; a total of 210 in vitro
regenerated plantlets were screened, and a subset confirmed to possess 1-2 copies of the
zeolin transgene (Figure II-1B).

Figure II-1: Transgenic nature and expression of zeolin in cassava. A) PCR amplification of DNA
from a subset of the 210 in vitro transgenic plants produced, using primer set ZeF and ZeR specific for
zeolin. Non-transgenic cv. 60444 was used as a negative control and pILTAB600 plasmid as a positive
control, followed by transgenic cassava transformed with genetic constructs pILTAB601 and
pILTAB600. B) Southern blot of DNA extracted from in vitro leaf tissue of transgenic cassava plants.
Lanes 3-11: plants transformed with pILTAB600 and lanes 12-19 plants transformed with pILTAB600.
Non-transgenic cassava cv.60444 was used as a negative control and plasmid pILTAB600 as positive
control. Upper panel shows DNA digested with BglII to confirm integration and copy number of the
zeolin transgene, lower panel shows DNA digested with BglII and KpnI to confirm intact nature of
integrated sequence. C) Determination of zeolin RNA expression in transgenic cassava tissues
compared to transgenic tobacco tissues. Northern blotting was performed on 10 µg total RNA extracted
from in vitro plantlets and seven month old greenhouse grown cassava leaves and roots of plants
transgenic for zeolin under control of the 35S (pITAB601) and patatin (pILTAB600) promoters and
transgenic tobacco controls optained from Maineiri et al. (2004). Expression levels were equivalent for
both constructs in leaves and roots (L and R respectively) from in vitro grown plants, but significantly
different in plants grown in the greenhouse. In the latter, the 35S promoter drove 3-4 times higher
expression of zeolin in the leaves than in the roots, while patatin drove zeolin RNA expression at
significantly higher levels in the roots than in leaf tissue. Band intensities were quantified using
ImageQuant software (GE Amersham). Number of repeats = 3.
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Eleven low copy transgenic lines, seven driven by the patatin promoter and four
by the 35S promoter, in which zeolin was confirmed to be expressed at the RNA level
(Figure II-1C), were transferred to soil in pots and grown in the greenhouse to produce
storage roots.
Total protein was extracted from peeled storage roots at 8 weeks after planting
and every 30 days thereafter, and levels determined by Bradford assay.

All seven

transgenic lines in which the patatin promoter drove zeolin expression, accumulated
9.75%-10.60% dw protein within their storage roots by six months after planting, a 3.03.5 fold increase compared to controls (Figure II-2A), where GFP transgenic plants did
not show any significant increase in total protein. Total protein content accumulated at
slightly different rates between the transgenic lines (Figure II-2B), and it was not
correlated with RNA expression levels. Plants in which zeolin was driven by the 35S
promoter showed no increase in protein content of storage roots compared to controls
(Figure II-2A).

When total protein was loaded on an SDS gel, strong bands

corresponding to the size of zeolin were found in leaf extracts but were hardly detectable
from storage root tissues when expressed under the 35S promoter.

Conversely,

accumulation of zeolin under control of the patatin promoter showed significantly higher
levels of protein present in storage root tissues than in leaves (Figure II-2C). Western
blotting with antibodies specific to the phaseolin component confirmed presence of
zeolin in the respective tissues (Figure II-2D), while immuno-printing of cassava storage
roots further indicated that transgenically expressed zeolin accumulates within both peel
and xylem parenchyma storage tissues of tuberous roots (Figure II-2E).
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Figure II-2: Protein accumulation in leaves and peeled storage roots of transgenic cassava
expressing zeolin under control of the patatin and 35S promoters. A) Protein content in storage
roots as quantified by Bradford assay, after 7 months growth in pots in the greenhouse. Non-transgenic
cassava cv. 60444 (dark green bar) and transgenic plant line with empty gene vector only
(pCambia2300) (light grey bar), 35S- and patatin-GFP plants (dark grey bars) and seven transgenic
lines expressing zeolin under control of the patatin promoter (blue bars), zeolin under control of the 35S
promoter (orange bars). B) Accumulation of total protein in peeled storage roots of transgenic plants
expressing zeolin under control of the patatin promoter with time, as assessed by Bradford assay. Total
protein content of non-transgenic cassava cv. 60444 (dark green columns) and three transgenic events
studied accumulated protein at slightly differing rates, but all reach approximately 10% dry wt. by the
end of the 7 month period. C) SDS-PAGE of crude protein extracted from leaves and roots of in vitro
transgenic cassava lines expressing the zeolin transgene. Eighty micrograms of protein extract was
loaded as follows: lane 1 is a protein ladder, lanes 2 and 3 are non-transgenic cassava cv. 60444 leaves
and roots respectively, lanes 4 and 5 are leaves and roots of transgenic cassava line transformed with
pILTAB601 in which 35S drives te expression of zeolin and lanes 6 and 7 are the leaves and roots of
transgenic cassava line transformed with pILTAB600 in which the patatin promoter drives the
expression of zeolin. D) Western blot analysis of leaves (L) and peeled storage roots (R) harvested from
greenhouse soil beds at 7 months of age. Total protein was isolated, 100 µg loaded in each lane and
detected with specific anti-zein antibodies. E) Immuno-printing of 50-100 µm thick sections of cassava
storage roots transgenic for patatin-driven zeolin. Plants were grown in pots in the greenhouse and
harvested from one to sevens months of age with non-transgenic cv. 60444 is used as a control (top left
panel). Presence of zeolin is clearly seen in roots of all ages in the transgenic, but not the control root
sections, with significant accumulation in the core (xylem parenchyma tissue) as well as in the outer
peel layer. Bars = 1 cm. Statistical analysis performed using GraphPrism software; N =3. Each repeat
contain 7 plants, ** = significant (alpha = 0.05), Discrepancy = >0.5.
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Immuno-fluorescence studies revealed localization of zeolin within novel globular
protein bodies distributed in xylem parenchyma cells of 10 week-old storage roots
(Figure II-3A). These structures were studied in more detail by isolating the protein
bodies from transgenic cassava storage roots by Ficoll gradient. Spherical structures, 5-7
µm in diameter, were identified under the scanning electron microscope (Figure II-3A),
and presence of zeolin within these structures confirmed by immunofluorescence
hybridization on nitrocellulose membranes. Further studies were carried out on the
nature of the accumulated zeolin and associated proteins. Western blot analysis was
performed on crude protein extracted from peeled storage roots of greenhouse grown,
transgenic cassava. Four distinct forms of zeolin were observed (Figure II-3B) and
respective levels of abundance determined by band intensity. Approximately 6% of the
total zeolin was found present as a monomer, 76% as a trimer, 14% as a trimer bound to
BiP chaperone and 4% in a higher molecular weight, glycosylated as in (Bellucci, et al.,
2007b). Protein bodies were isolated and loaded onto a native polyacrylamide gel where
band patterning showed a higher molecular weight than expected for zeolin (Figure II3C), suggesting that other proteins were associated with the transgenically expressed
product. This high molecular weight band was eluted, sonicated and loaded onto SDSPAGE denaturing gel, allowing detection of proteins at different sizes, ranging from 1590 kDa (Figure II-3C). The 90 kDa band was confirmed by MS-ID to consist of zeolin
protein, BiP chaperone and other ATPases, while smaller bands contained precursor
proteins, including rubisco precursors, ATPases precursors and ER membrane proteins
(Figure II-3D). To determine whether zeolin was associated with folding chaperones, an
ATP-affinity assay was performed on crude proteins extracted from transgenic storage
roots showing that zeolin was found tightly linked to BiP chaperone in cassava root
tissues (Figure II-3E).
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Figure II-3: Characterization of zeolin accumulation in roots of transgenic cassava. A)
Localization of zeolin accumulation as protein bodies within the xylem parenchyma of cassava storage
roots. (left panel) non-transgenic cassava storage root cells. (middle panel) cells of transgenic storage
roots in which zeolin is labeled with fluorescent secondary antibody showing zeolin accumulating as
discrete bodies. (right panel) scanning electron microscopy of purified zeolin protein bodies isolated
from transgenic cassava storage roots of plant line p600-25. Zeolin protein bodies range in size from 3
to 7 µm in diameter. B) Western blot analysis of 50 µg protein extracted without reducing agent from
transgenic cassava storage roots from six different plants (clones) of transgenic line pILTAB600-25,
using antibody against phaseolin (left panel). Four different forms of zeolin protein were visualized in
accordance with Bellucci et al., (2007b), with the smallest band size representing newly synthesized
zeolin polypeptide found as a monomer, zeolin trimers then zeolin trimers bound to the folding
chaperone BiP. (Right panel); re-probing with BiP specific antibodies confirmed association of zeolin
with BiP chaperones in cassava root tissue. C) Native PAGE of purified protein bodies isolated from
storage root tissue of thee pILTAB600-25 plant lines showing signal at higher MW size than expected
for zeolin (65 kDa). D) SDS-PAGE gel of the high MW bands from c after elution and sonication. All
bands were eluted and analyzed by MS-ID, confirming upper band as zeolin with BiP chaperone and
smaller protein bands (arrowed) as rubisco precursors. F) ATP affinity assay for total protein extracted
from transgenic cassava storage roots of pILTAB600-25. Bands were eluted and analyzed by MS-ID to
identify zeolin associated with ATP chaperones, ATPase precursors and ER membrane proteins.
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Protein accumulation and performance of fully-grown cassava plants
Three transgenic lines in which zeolin was driven by the patatin promoter were
planted in soil beds in a greenhouse to facilitate production of mature plants. Total
protein content within peeled storage roots harvested from soil bed-grown plants at 7
months of age reached 11.2% dw in transgenic lines p600-25 (Figure II-4A), the other
two lines had 10 and 10.6% for p600-22 and p600-30, respectively. Plants of the same
zeolin expressing lines, plus one under control of the 35S promoter, were also established
in the field at the University of Puerto Rico and assessed after 11 months for agronomic
characteristics and protein content of the storage roots. No morphological differences
were observed between transgenic and non-transgenic plants and no significant
differences were apparent for average shoot or root yields, harvest index or dry matter
and starch content of tuberous roots harvested from transgenics and control plants (Figure
II-4B). Total protein content of field grown, peeled storage roots in which zeolin was
driven by the patatin promoter, reached 11.9–12.5% dw, a 4.1-4.3 fold increase compared
to non-transgenic controls. As observed in greenhouse, pot-grown plants (Figure II-2A),
no increase in protein content was detected in roots in which zeolin was under control of
the 35S promoter (Figure II-4A).
Western blot analysis was performed on flour extracted from 7-month-old soil-bed grown
peeled storage roots and leaf tissues of the same plants. Zeolin was found to be present in
both tissue types but in significantly higher amounts in the storage roots than in leaves
when the patatin promoter was used to drive expression of the transgene. Use of the 35S
promoter produced the opposite effect with little accumulation in the roots and significant
presence of the transgenically derived protein in the leaves as was previously shown in
greenhouse grown plants (Figure II-2D).
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Figure II-4: Characterization of fully-grown transgenic plants expressing zeolin. A) Total protein
content of peeled storage roots harvested from transgenic cassava plants expressing zeolin grown in
greenhouse soil beds (left) and in the open field (right). Non-transgenic plant 60444 (green bar); plant
line transgenic for empty gene vector control (pCambia2300) (light green bar), transgenic plants with
35S-zeolin (p601; orange bar) and plants transgenic for patatin promoter-zeolin (p600; blue bars). Total
protein content measured by Bradford assay. B) Evaluation of important agronomic traits of zeolin
expressing cassava plants grown for 11 months in the field in Puerto Rico. Non-transgenic 60444 plant
line (green bar), plant line transgenic for empty gene vector control (pCambia2300) (light green bar),
transgenic plants with 35S-zeolin (orange bar) (pILTAB601 named p601) and plants transgenic for
patatin promoter driven zeolin transgenic lines (pILTAB600 named p600) (blue bars). Statistical
analysis performed using GraphPrism software; N = 3 each repeat contain 7 plants, ** = significant
(alpha = 0.05), Discrepancy = >0.5.
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Amino acid profile and forms of accumulated zeolin
Peeled storage roots were collected from 7-month-old plants of the patatin driven
zeolin-expressing line pILTAB-600-25 grown in greenhouse soil beds and analyzed to
determine amino acid composition. Levels of free amino acids were found to be reduced
approximately threefold (from 0.62% to 0.22% dw) in these tissues compared to the wildtype (Figure II-5A), and unlike non-transgenic plants, the most abundant free amino acids
found in transgenic cassava were asparagine and glutamine (Figure II-5A), both known to
be forms of nitrogen transport in cassava (Vetter, 2000). Conversely, levels of total
(free+bound) amino acids increased in transgenic roots to reach 3.5-4.0 times that of nontransgenic controls (Figure II-5B), amounts closely corresponding to the total increase in
protein content. Compositional analysis of total amino acids revealed levels of individual
amino acids reflecting that of zeolin, such that all essential amino acids (except
tryptophan, which is absent in zeolin) were enhanced 4-9 fold in transgenic cassava roots
(Figure II-5B). Importantly, the sulfur-containing amino acids cysteine and methionine,
known to be very low in cassava (Motagnac, et al., 2009), were elevated 9 and 4.5 fold
respectively in zeolin-expressing roots as compared to non-transgenic control tissues
(Figure II-5B). Considering that total protein content increased from ∼3% to 12% dw in
this transgenic line (Figure II-4A), six amino acids (Asp, Glu, Val, Met, Leu and Phe)
showed a 100% match with the calculation for this level of zeolin, while Thr, Ala, Cys
and Lys increased by more than 120% (Figure II-5B). This data indicates that the
modified total amino acid profile can be largely accounted for by accumulation of zeolin,
but also in a minor way by presence of other proteins.
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Figure II-5: Analysis of amino acid and cyanogenic content in cassava tissues transgenic for
zeolin; A) Free amino acids profile analysis showing differences between non-transgenic cassava cv.
60444 (green columns) and transgenic cassava line pILTAB600-25 expressing zeolin (blue columns).
Total reduction of 33% in free amino acids with relatively abundant levels of both Aspartic and
Glutamic amino acids in transgenic plants showing that protein biosynthesis consumes free amino acids
from the pool in cassava storage roots. B) Total amino acid profile of storage roots of non-transgenic
cassava cv. 60444 (green bars) and transgenic line pILTAB600-25 (blue bars) in which zeolin is driven
by the patatin promoter. C, D) Levels of cyanogens present in cassava root and leaf tissues of seven
month old, pot grown plants. Transgenic lines showing zeolin expressing plants under control of either
the patatin (pILTAB600, blue bars) or 35S (pILTAB601, orange bars) promoters. A maximum
reduction of 55% was observed in roots of pILTAB600-25, the transgenic event that accumulated the
highest levels of total protein within its storage roots. Number of repeats in amino acid analysis = 3.
HCN = 5.
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Impact of transgenically accumulated protein on cyanogenic glycoside content
Cassava is well known as a crop species that generates and stores cyanogenic
glycosides within its tissues (Vetter, 2000; Jorgensen, et al., 2005; Siritunga, & Sayre,
2004).

Greenhouse grown plants were analyzed to determine if accumulating

transgenically derived storage protein would impact the cyanogenic glycoside content of
such plants. Analysis of transgenic cassava plants expressing GFP or zeolin using an
Orion CN-sensitive electrode revealed a reduction in cyanide content in both leaves and
storage root tissues of zeolin expressing transgenics to 55% compared to non-transgenic
control plants (Figure II-5C and -5D). Cyanide reduction was observed in all transgenic
lines and occurred when either patatin or 35S promoters were used to drive zeolin
expression.
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Discussion

The aim of the present chapter was to demonstrate the capacity of cassava to
accumulate storage protein within its starchy tuberous roots. While the zeolin product
described here is not intended for release to farmers, the results described represent proof
of concept towards the potential transformation of cassava from a starchy staple, devoid
of storage protein (Sheffield, et al., 2006), to one capable of supplying both calories and
nutritionally balanced protein at quantities of dietary significance to those dependent on
the crop. Zeolin expression in cassava under control of the patatin promoter, resulted in
an increase in total protein content of tuberous roots of approximately four fold to reach
12.5% dw (Figure II-4A) and caused de novo formation of protein bodies in storage roots
in a manner not seen in wild-type plants, and never previously reported within tissues of
this species (Figure II-3A). Detailed analysis of these protein bodies confirmed that they
consisted of different forms of zeolin and carried the nutritionally valuable, amino acid
profile of the packaged protein, in this case phaseolin (Figure II-3C, D, E).
Cassava has the lowest protein:energy ratio (P:E) of any staple food, with protein
content ranging from 1-3% dw. Thus, a two year old child consuming 50% of his/her
dietary energy as wild-type cassava will receive about 5 g dietary protein, equivalent to
35% of their daily protein requirement. The same child consuming the same amount of
modified cassava accumulating storage protein at levels achieved in the present study,
would obtain approximately 18 g of dietary protein, or more than 100% of their daily
requirement, illustrating that genetic modification of cassava could be a potentially
important component of delivering enhanced nutrition to at-risk populations in the
tropics.
When commencing this work there was concern that modification of cassava to
accumulate significant levels of storage protein in the starch-rich tuberous roots would
not be stable and/or lead to disrupted physiology and altered phenotype of the transgenic
plants. Greenhouse and field studies revealed this not to be the case with similar levels of
protein accumulation recorded across more than three years of testing in three different
locations (Figure II-6A, C, E).
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Figure II-6: Transgenic cassava plants of cv. 60444 expressing the chimeric storage protein
zeolin. A) Transgenic plants expressing transgenic storage protein growing in the greenhouse. B)
Close-up of small roots obtained in the greenhouse. C) Transgenic plants expressing transgenic storage
protein growing in a soil bed in the greenhouse. Plants reach 3.5 m in height and produce up to 10
storage roots per plant within six months. D) Close-up of large roots obtained in the soil bed
greenhouse. E) Transgenic plants expressing zeolin growing in confined field trial at the University of
Puerto Rico, Mayaguez. Plants in the field showed no significant morphological differences to the nontransgenic controls and produced mature storage roots within 10-11 months.

In addition, agronomic characteristics of the transgenic plants determined during
confined field trials showed no significant changes compared to controls plants (Figure
II-4B). However, a significant pleiotropic effect of zeolin expression was seen as a
correlated reduction in free amino acid levels and cyanide content in transgenic plants
(Figure II-5A, C). Cyanogenic glucosides were unable to build up and accumulate as in
non-transgenic plants, a reduction by 55% in both leaf and storage root tissues of the line
p600-25 was recorded. Cyanides reduction also occurred to all other lines when either
the 35S or the patatin promoters were used to drive zeolin expression.
In earlier work attempting to enhance the nutritional quality of cassava storage
roots (Zhang, et al., 2003) researchers expressed the storage protein ASP1 (Kim, et al.,
1992) under control of the 35S constitutive promoter, but the resulting plants were
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reported to possess very low amounts of protein within their tuberous roots (Stupak, et
al., 2006). Likewise, in the present study presence of zeolin could be detected in storage
roots when the constitutive 35S promoter was used to drive expression of the transgene
(Figure II-2C, D), but total protein content of these organs was never significantly
elevated above that of the non-transgenic controls (Figure II-2A & II-4A). This finding
indicates requirement to use suitable promoters to achieve accumulation of protein
products in cassava storage roots. Although considered a sink specific promoter with
high activity in root tissues (Koster-Topfer, et al., 1989), the Class II patatin promoter
used in this study was found to drive expression of zeolin RNA in leaves at levels
approximately 50% of that detected in cassava storage root tissues (Figure II-1C).
Accumulation of the patatin-driven zeolin protein was, however, almost totally restricted
to the storage roots, and remained at very low levels in leaf tissues when under control of
this promoter (Figure II-2C & II-2D). We hypothesize, therefore, that the observed
promoter-dependent, organ specific accumulation of zeolin, may result, at least in part,
from source/sink partitioning of nitrogen resources between the leaves and storage roots.
For example, reduced levels of cyanogenic glycosides of down to 55% within leaf
tissues, when zeolin was expressed by either the 35S or patatin promoter, supports
previous evidence that a flow of cyanogens exists between leaves and storage roots in
cassava (Vetter, 2000; Jorgensen, et al., 2005; Siritunga & Sayre, 2004).
Accumulation of storage protein in transgenic cassava to the levels achieved in
this study was not limited by a capacity to synthesize particular amino acids, which were
elevated between 4.5 and 11 times that of wild type and in a manner reflecting the amino
acid profile of zeolin (Figure II-5B). Accumulation of additional storage proteins from
sweet potato and barley within cassava storage roots to significant levels, in a manner
similar to zeolin in this study, supports this finding (chapter III). Cassava storage roots
provide a large harvest index with reported yields of up to 70 ton/ha (Sheffield, et al.,
2006), translating to a potential of 2.9 tons/ha protein product at the 12.5% dw levels
achieved here. Demonstrated capacity to modify this large organ into a novel sink for
nitrogen indicates that cassava likely possesses significant potential to produce and
accumulate a range of proteins with nutritional, industrial or pharmaceutical value in a
manner that deserves further investigation.
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Materials and Methods

Plasmid construction.

The chimeric zeolin gene was generously provided by Dr.

Alessandro Vitale (Maineiri et al., 2004) and amplified from its original vector, using
primers

ZaF:

5’AGATCTATGATGGAGCAAGGGTTCC3’

and

ZeR:

5’AGGTACCCTGTTTGTTGATCAGCTTC3’, containing BglII and KpnI restriction
sites designed within the primer sequence. GFP amplification with primer sets containing
the same restriction sites was also generated.

The PCR products were cloned into

pGEM-T vector (Promega), sequenced, the inserted fragment digested with BglII and
KpnI and cloned downstream of the CaMV 35S or the Class II patatin promoter. The
cassettes comprising promoter-zeolin-tNOS were cloned into the pCambia2300 binary
vector

(http://www.cambia.org/daisy/bioforge_legacy/3724.html),

to

generate

pILTAB600 for patatin promoter and pILTAB601 for 35S promoter-zeolin versions
respectively.
Plant transformation and selection of transgenic lines. Agrobacterium tumefaciens
strain LBA4404 harboring pILTAB600 and pILTAB601, and pCambia2300 as an empty
control along with 35S-GFP and patain-GFP were used to genetically transform cassava
friable embryogenic callus (FEC) of the West African cultivar 60444 (Schreuder, et al.,
2001). Transformed cells were recovered, and plants regenerated on selection media,
propagated and sampled for DNA, RNA and protein analysis. DNA was extracted from
leaves of in vitro plants according to the Dellaporta method (Dellaporta, et al 1983) and
used for PCR and Southern blot analysis. In the latter, 10 µg of DNA was digested with
BglII or BglII + KpnI, loaded on a 0.8% w/v agarose gel, transferred onto N+ Hybond
membrane (GE Healthcare) and hybridized with a non-radioactive probe for the zeolin
gene, prepared using the AlkPhos kit (GE Healthcare).

Extraction of RNA from

transgenic events was performed from in vitro plants and from 7-month-old plants grown
in the greenhouse at DDPSC using Trizol reagent according to the manufacturer’s
instructions.

First strand cDNA was generated using the Superscript II system

(Invitrogen) from 1 µg of RNA template and subsequent PCR performed using 1 µg of
cDNA and zeolin primers ZeF and ZeR. Northern blots were performed by loading 10
µg of total RNA onto 1% w/v formaldehyde agarose gel, transferred to N+ Hybond
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membrane and hybridized using a AlkPhos non-radioactive DNA probe generated from
the zeolin sequence. RNA levels were determined using ImagQuant software to measure
band intensity.
Greenhouse growth conditions.

Transgenic cassava events with low (1-2) copy

number, high RNA expression and high protein content were propagated and transferred
to soil in 7 cm pots grown in the greenhouse, and evaluated for protein accumulation.
Supplemental lighting was provided for 14 hours daily with 1000 W metal halide
fixtures. Artificial lights provided an average photosynthetically active radiation (PAR)
of 250 µmol m-2 s1. Temperature was maintained at 28°C during the day and 25°C at
night. Fertilizer was applied at 200 ppm N, three times per week using Jack’s 15-16-17
Peat Lite and once a week with Jack’s 15-5-15 Cal-Mag.
Vegetative clones of transgenic cassava were also evaluated by planting directly
into soil beds in a greenhouse. Plants were established at DDPSC in 7 cm pots and
transferred when 25 cm tall to the University of Missouri Delta Research Station,
Portageville, MO. The soil consisted of Tiptonville sandy loam soil (fine-loamy, mixed,
thermic Typic Argiudolls), determined to contain 60 kg NO3-N ha-1, 184 kg Bray-1 P ha1

, and 351 kg ammonium acetate extractable K ha-1. Soil was mechanically tilled and

cassava plants transplanted into the earth floor at 1 m spacing. Supplemental lighting
was provided as 16 hours with Sun System III 1000 W metal halide lights, providing an
average PAR of 1175 µmol m-2 s-1. Air temperature was thermostatically maintained at
25 to 30°C. No fertilizer was applied during this experiment.
Confined field trials. Transgenic cassava was grown for 11 months at the Isabella
Agriculture Research Station at the University of Puerto Rico Mayaguez in Northeast
Puerto Rico, in a randomized block design with 3 reps and 8 plants/line/rep. A uniform
distance of 1.5 m spacing was maintained between each plant and the entire plot
surrounded by a row of wild type 60444 plants. All steps to confine and contain the
transgenic material were observed as regulated by USDA APHIS. Yield data comprising
of the number of roots, above and below ground mass were measured per plant at harvest
11 months after planting. Dry matter content and starch content were calculated by
computing specific gravity X per plant, where X=Wwater/(Wair- Wwater). Wair is normal
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weight of 3-5 kg of roots while Wwater is the weight in water of those same roots. Dry
matter percentage and starch percentage is then equal to 158.3x-142 and 112.1x-106.4,
respectively (Kawano, et al., 1987). Harvest index was calculated by assessing the
proportion of roots fresh weight as a ratio of the total fresh weight of the plant (Kawano,
1990).
Immuno-fluorescence and immuno-printing. Sections of peeled cassava storage roots
50-100 µm thick were obtained from 10-week-old plants grown in DDPSC greenhouses
in 7 cm pots. Sections were fixed in 4% para-formaldehyde and washed with TBST
buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween 20). Fixed cells were
treated with cell wall lysing enzyme Drisalase (Sigma) for 15 min, washed five times
with TBST, incubated with anti-phaseolin antibodies for one hour, washed five times
with TBST and incubated again with Alexa-Fluor 488 fluorescent secondary antibodies
(Invitrogen) for a further hour. Cells were washed five times with TBST buffer and
spread on glass slides for visualization under the confocal microscope (Nikon Eclipse E800 C1) with 100 ms exposure.
For immuno-printing, the same storage roots were washed with sterile water, cut
into 1-3 mm thick sections, squashed onto nitrocellulose membrane and allowed to dry at
room temperature.

The membrane was blocked with 5% v/v skimmed milk and

hybridized with anti-phaseolin antibodies, washed five times with TBST buffer and
incubated with HRP secondary antibodies for an hour at room temperature. The signal
was developed after washing with TBST buffer and exposing the membrane to X-ray
film.
Amino acid analysis. The amino acid composition of transgenic line pILTAB600-25
was compared with non-transgenic roots collected from 7-month-old soil bed grown
plants. Harvested cassava storage roots were peeled, sliced into pieces 1 cm thick,
lyophilized and grounded into fine powder using a coffee grinder. The amino acid
composition of flour produced from transgenic and non-transgenic cassava was analyzed
by the Dept. of Chemistry, University of Missouri, Columbia, MO by Chemical analysis,
AOAC Official Method 982.30 E (a,b,c), chp. 45.3.05, 2006.
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Protein extractions and Western blot analysis. Storage root samples were cut into 1
cm cubes, dried using a freeze-dryer and crushed into powder with a pestle and mortar.
Total protein was extracted from dry samples collected at different growth stages
according to Mainieri et al., (2004), and quantified by Bradford assay. A 100 mg tissue
sample was placed in a 2 ml tube with a ceramic bead, 1 ml of protein extraction buffer
and homogenized using FastPrep machine (MPbio).

The homogenate was filtered

through layers of cheesecloth, protein precipitated with TCA and quantified. Equal
protein concentration are loaded on a 12% w/v polyacrylamide gel and blotted onto a
nitrocellulose membrane for Western blot analysis. Anti-phaseolin primary antibodies
were used after blocking the membrane with 5% skimmed milk in TTBS buffer, and HRP
secondary anti-bodies used for subsequent quantification after film development using
ImageQuant software (GE Life Sciences).
Mass-spectrometry identification (MS-ID). Protein digests were subjected to nanoLC-ESI-MS/MS analysis. Nano-LC was performed by LC Packings Ultimate system
(San Francisco, CA) equipped with a Dionex C18 PepMap100 column (75 µm i.d.)
(Sunnyvale, CA) flowing at 180 nL/min. Peptides (5 µL injections) were resolved on a
gradient that started at 95% solvent A (5% acetonitrile, 0.1% formic acid) and 5% solvent
B (95% acetonitrile, 0.075% formic acid in MilliQ water) for 3 mn, then increasing from
5-25% B over 5 mn, from 25-60% B over the next 32 mn, and from 60-95% B over the
final 5 mn. Mass spectrometric analysis was performed on an ABI QSTAR XL (Applied
Biosystems/MDS Sciex) hybrid QTOF MS/MS mass spectrometer equipped with a
nanoelectrospray source (Protana XYZ manipulator). Positive mode nanoelectrospray
was generated from fused-silica PicoTip emitters with a 10 µm aperture (New Objective,
Woburn, MA) at 2.5 kV.

TOF mass and product ion spectra were acquired using

information dependent data acquisition (IDA) in Analyst QS v1.1 with mass ranges for
TOF MS and MS/MS at m/z 300-2000 and 70-2000, respectively. Every second, a TOF
MS precursor ion spectrum was accumulated, followed by three product ion spectra, each
for 3 s. Switching from TOF MS to MS/MS was triggered by the mass range of peptides
(m/z 300-2000), precursor charge state (2-4) and ion intensity (>50 counts). The DP,
DP2, and FP settings were 60, 10, and 230, respectively, and rolling collision energy was
used.
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Five grams of three month old

transgenic, peeled cassava storage roots harvested from transgenic line pILTAB600-25,
grown in 7 cm pots in DDPSC greenhouses, were gently homogenized in TBS buffer
containing proteinase inhibitor cocktail (Sigma) and filtered using four layers of
cheesecloth. Cell lysate was filtered through a 22 µm filter, loaded on 5, 10, 15, and 20%
Ficoll gradient and centrifuged for 3 hr at 15,000 rpm in 4°C. Precipitated proteins were
collected and incubated with ATP-Sephasrose (Jena-Bioscience) to capture ATP bound
proteins following the manufacturer instructions. ATP bound proteins were loaded on
native and denaturing acrylamide gels, protein bands eluted and identified using MS-ID.
The same precipitate recovered from Ficoll was washed with TBS buffer, blotted on
Nitrocellulose membrane and hybridized with anti-phaseolin and secondary Alexa-fluor
488 antibodies for evaluation under the fluorescent and scanning electron microscope
(Hitachi TM 1000 tabletop).
Determination of cyanogenic content. Cassava leaf and root samples were collected
from transgenic and non-transgenic plants at six months of age growing in 7 cm pots in
the greenhouse, 100 mg fresh tissue ground in a closed tube containing 1 ml TBS buffer
with a ceramic bead using a FastPrep machine (MP Biomedicals, OH. USA). Tubes were
incubated for 10 min at room temperature then placed in 50 ml closed tubes containing 9
ml of 5M NaOH. Content of cyanogenic compounds was measured using an Orion CNsensitive electrode (Thermo-Scientific) after preparing a standard curve of KCN. The
electrode sensitivity was evaluated by measuring the HCN captured in 5M NaOH from βglucosidase activity on known concentrations of pure linamarin purchased from (Sigma)
and processed in the same way.
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CHAPTER III

Subcellular targeting

PART A

Essential molecular elements for producing protein bodies in plant cell:
Tobacco BY2 cell culture as a model and cassava storage roots
transformation
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Abstract

Legumes and cereal grain plants accumulate large amounts of protein in their
seeds in the form of protein bodies, highly condensed protein packed spherical structures
that are able to restructure in other plant cells and increase its total protein content.
Protein bodies have common biophysical and biochemical features that allow the newly
synthesized polypeptides to interact with the endoplasmic reticulum folding chaperones
and interact with each other. To improve the protein content in cassava storage roots, I
used tobacco BY2 cells as a model system to study the required elements for protein
body formation and I transformed cassava with the outcome sequences under the control
of a root sink promoter. Partial sequences from maize zein proteins were found to be
effective in triggering the formation of protein bodies for a variety of soluble proteins in
tobacco BY2 cells. A protein body shuttle vectors containing the selected sequences was
engineered to produce protein bodies in cassava storage roots. The expression of protein
bodies in BY2 cells resulted in a 3-4 fold increase in total protein content, transgenic
cassava expressing novel protein bodies had more than 3.5 fold increase in its storage
roots protein content and a significant reduction in its total cyanogens content in the
whole plant. This technology provides a potential strategy to enhance the protein content
in protein-deficient crops and can also be used to produce large quantities of recombinant
proteins in plant cells.
Keywords; protein bodies, BY2 cells, cassava, storage roots
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Introduction

Plants are considered a major economical system for large-scale production of
recombinant proteins and pharmaceuticals, which are important for industrial usage (Ma,
et al., 2003). The low production cost, clarity from human pathogens and the capacity to
express a protein in specific plant tissues, such as roots, fruits, leaves or seeds, makes the
plant system superior over other systems. In nature, seeds of legumes and cereal grain
plants accumulate storage proteins in their endoplasmic reticulum (ER) during the
development and maturation of seeds, building spherical structures packed with proteins
called Protein Bodies (PB) (Herman & Larkins, 1999).

One of the key factors in

achieving protein stability and high levels of accumulation is successful subcellular
targeting of recombinant proteins (Bellucci, et al., 2000).
Plant cells use their ER as a station for sorting proteins to their final destination or
to accumulate proteins during seed development and maturation as nitrogen reservoirs for
later germination (Pompa & Vitale, 2006). The quality control checkpoint, ER, ensures
the correct assembly of polypeptides using resident chaperones, such as binding-luminalprotein (BiP) (Herman, 2008) and sorts proteins to their final destination. In addition, the
ER is also known for its ability to tolerate unusually high protein accumulations, due to
the lack of lytic function (Vitale & Denecke, 1999), without affecting the plant
development and reproduction (Vitale & Pedrazzini, 2005). Proteins that have a Cterminal ER retention tetrapeptide, usually KDEL or HDEL, are recognized in the Golgi
complex and translocated back to the ER again as resident proteins (Sitia & Braakman,
2003).

Furthermore, engineered proteins with a retention signal were shown to

accumulate one to two-fold greater in the ER than proteins without a retention signal
(Wandelt, et al., 1992), suggesting that increasing the ER residency time of a protein
decreases its turnover rate and increases its lifetime in the cell. KDEL and HDEL are not
the only ER retention signal peptides; prolamins are the major storage proteins in cereals
and do not contain KDEL or HDEL in their sequence, yet, they are localized and
accumulated in the ER of plant cells and have the ability to localize themselves in the ER
of animal cells as well (Vitale & Pedrazzini, 2005). Prolamin proteins of maize, rice and
wheat have unique structural properties that can determine their packaging behavior into
spherical endosperm PBs (Shotwell & Larkins, 1989). While the mechanism of PB
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formation is not well understood, the ER retention of prolamins is believed to be related
to protein-protein interactions between themselves and with ER resident chaperones, such
as BiP (Okita & Rogers, 1996).
The N-terminal of γ-zein, a prolamin of maize, consists of a series of proline-rich
repeats (PPPVHL8) that has been shown to trigger PB formation in transgenic tobacco
when fused to the C-terminal of phaseolin, a vacuolar storage protein of white beans
(Mainieri, et al., 2004). This recombinant protein, called zeolin, is localized to the ER as
PBs with high stability and insolubility. Zeolin was successfully transformed into alfalfa
as well (Bellucci, et al., 2007) in order to enhance its nutritional value, showing a
remarkable increase in total protein content reaching to 0.28 mg of zeolin / g of tissue.
When the same portion of γ-zein was fused to Nef HIV antigen, PB formation was not
triggered (de Virgilio, et al., 2008), indicating that there are other key elements found in
the sequence of phaseolin involved in the process of PB formation (de Virgilio, et al.,
2008). On the other hand, β-zein, another maize prolamin, has the ability to accumulate
as PBs but do not contain a proline-rich repeat (Coleman, et al., 2004). Rather, it is
speculated that the β-zein protein depends on its structural elements, such as β-sheets and
the cysteine amino acids (Pederson, et al., 1986) to form protein-protein interactions
along with ER chaperone BiP (Bellucci, et al., 2000). The α- and δ-zeins, are also found
in PBs but have been shown to be an addition to already existing β- and γ-zein PBs
(Coleman, et al., 1996; Bagga, et al., 1997), indicating that they are dependent on β- and

γ-zein to establish maize endosperm PBs. These storage proteins are found in plant seeds
wherein they accumulate as PBs (Galili, et al., 1993), they naturally insert into the lumen
of ER via a signal peptide and stably assemble into ER-derived protein bodies (ER-PBs)
(Herman & Larkins, 1999; Okita, et al., 1998; Sanderfoot & Raikhel, 1999). Thus, PB
forming proteins in the ER show a specific interaction with BiP through a hydrophobic
domain, a proline-rich repeat, such as in γ-zein (Geli, et al., 1994), and disulfide bridges
formation that helps in protein folding (Pompa & Vitale, 2006).

Therefore, I

hypothesized that a BiP binding domain, protein-protein interactions and a hydrophobic
amino acid stretch would produce PBs of any potential protein sequence and increase the
total protein yield in transgenic plant cells.
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The objective of the present study was to find required elements that would
facilitate PB formation of recombinant proteins of choice so that proteins could be
expressed and stably accumulated in host cells. Tobacco BY2 cells were used here as a
model system to determine the requirements of PB formation in a stable transgenic
system, with no transient assays, and later, we used these sequences for cassava
transformation. The nutritional storage proteins selected in this study are known for its
nutritional value. Sporamin, the major storage protein in sweet potato has a nutritional
value close to milk (Xiong, et al., 2009), while BHL8 and BHL9 proteins are rich in
essential amino acids and very high in lysine content (Jung & Carl, 2000). Fusion
proteins, containing sequences derived from β- and γ-zeins, with sporamin, BHL8 or
BHL9 nutritional proteins were studied in tobacco BY2 cells and used to improve the
protein content in cassava. Interestingly, we found that such fusions could be used to
sufficiently trigger the formation of PB-like structures and increase the total protein
content in both tobacco BY2 cells and cassava storage roots. Our results showed that
transgenic cassava has successfully accumulated PBs within its storage root cells,
elevating the total protein content by 2-3 folds. A combination of coding sequences
derived from β- and γ-zeins was organized into a flexible system to be used as a fusion
template in order to achieve superior quality, quantity and stability of desired proteins in
plants. The required sequences were engineered into an easily cloned technology, called
“Protein body shuttle vector (PBSV)”, into which proteins of interest can be cloned for
expression and accumulation as PBs in transgenic host cells.
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Results

Characteristics of PB forming sequences
Nucleic acid and amino acid sequence alignments of natural PB forming proteins
did not show any specific features that pointed to a conserved signal peptide with a
potential sequence that may trigger PB formation. Predicted biophysical properties,
including hydrophobicity and hydrophilicity, showed that all natural and recombinant PB
forming sequences have a stretch of hydrophobic amino acids, cysteine sulfur bridges and
α-helices structural feature, which are all predicted to contribute to ER Chaperone
binding and protein-to-protein interactions.
3`UTR from β -zein targets mRNA transcripts to the rough ER in tobacco BY2 cells
Previous studies have shown that certain 3`UTR sequences on mRNA have the
ability to target mRNA transcripts to the rough-ER ribosomes and increase its translation
level into the ER (Okita, et al., 1998). To further emphasize the role of prolamin 3`UTR
in targeting the protein expression to the ER, the β-zein 3`UTR was used here to compare
the expression level and localization of mRNA in BY2 cells (Fig. IIIA-1A). In-situ RNA
localization experiments have shown that sequences with a β-zein 3`UTR fusion
localized to the ER and expressed two-fold more protein when compared to the same
sequences lacking this 3`UTR (Fig. IIIA-1B and -1C).
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Figure IIIA-1: 3`UTR of β -zein localize β -zein mRNA to the ER and increase its transcript level.
(A) In-situ mRNA localization in transgenic BY2 cells expressing β-zein. Full length β-zein mRNA
was labeled with Alexa Fluor-594 dye and used to detect β-zein mRNA in fixed BY2 cells transformed
with an empty vector as a control, β-zein alone or β-zein with its 3`UTR sequence. Images shows the
labeled mRNA transcript in transgenic BY2 cells. (B) Transcript level of β-zein mRNA. Northern blots
of β-zein mRNA detected with non-radioactively labeled β-zein mRNA by Alkaphos labeling kit (GE
Amersham) showing levels of β-zein mRNA transcript in BY2 cells. The corresponding band intensity
is quantified by ImageQuant software (GE Amersham) and graphed below northern image. Error bars
are generated from a triplicate repeat of the experiment. (C) Expression and accumulation levels of βzein protein in BY2 cells. Northern analysis of β-zein mRNA transcript, detected by non-radioactively
labeled β-zein probe (left panel), showing increased transcript levels when a 3`UTR is fused to β-zein
sequence. Western blot analysis of β-zein protein is carried out using anti-β-zein antibodies against
equal protein loads on 12% SDS-PAGE. The charts below shows the corresponding band intensity as
quantified using the ImageQuant software as in (B). Statistical analysis performed using GraphPrism
software; N = 5, ** = significant (alpha = 0.05), Discrepancy = >0.5.
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Proteins fused to proline-rich repeat from γ -zein N-terminal have ER retention in
tobacco BY2 cells
The proline-rich repeat (PPPVHL8) at the N-terminal of the γ-zein protein was
shown in previous reports to have an affinity towards BiP chaperone in the ER (Geli, et
al., 1994). When this portion of γ-zein is fused to a soluble protein, such as phaseolin,
the recombinant product showed the ability to form ER-targeted, insoluble PBs (Fig.
IIIA-2A). This was reported earlier in stable transformation experiments as the zeolin
recombinant protein (Mainieri, et al., 2004). The phenomenon of PB formation in the ER
has an effect on protein accumulation (Fig. IIIA-2B). Other soluble protein sequences,
such as BHL8, BHL9 and sporamin accumulated in the ER as aggregates but not as PBs
(Fig. IIIA-2C). Protein aggregation of soluble proteins when fused to γ-zein N-terminus
shows a phenotypic difference from KDEL signal peptide fusions. Fused proteins were
expressed to higher levels than non-fused proteins, with some proteins accumulating up
to two-fold greater levels (Fig. IIIA-2D), an indication that the N-terminal γ-zeins portion
is responsible for increasing protein stability in host cells by retaining the fusion proteins
in the ER, which is known to be a lytic-free environment (Vitale & Denecke, 1999). In
the case of phaseolin, the recombinant product was able to accumulate to more than
three-fold greater than phaseolin alone in the form of insoluble PBs (Mainieri, et al.,
2004).
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Figure IIIA-2: Immunolocalization of protein fusions: γ -zein proline-rich repeat vs KDEL
retention signal in BY2 cells. (A) Phaseolin protein fusion with the first 89 amino acids of γ-zein
protein results in the formation of “zeolin” PB’s. KDEL signal peptide retains phaseolin protein in the
ER to form aggregates but not PBs. Phaseolin protein is detected using anti-phaseolin antibodies. (B)
Total protein levels of BY2 cells expressing phaseolin protein fusions showing that phseolin protein
alone increases the total protein level by 0.016% while adding KDEL signal peptide is responsible for 3
fold increase. The addition of γ-zein N-terminal sequence increases the protein level up to 3.5 folds
when compared to non-transgenic. Proteins are quantified using Bradford assay. (C) γ-zein N-terminal
fusion to BHL-8, BHL-9 and sporamin proteins result in forming protein aggregates in BY2 cells but
not PB’s. (D) Total protein level in transgenic BY2 cells expressing protein fusions quantified by
Bradford assay showing that the addition of γ-zein N-terminal domain to BHL-8, BHL-9 or sporamin
soluble proteins result in increasing the total protein level in the cell up to three fold. Statistical analysis
performed using GraphPrism software; N = 5, ** = significant (alpha = 0.05), Discrepancy = >0.5.
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Combined full β -zein and partial γ -zein fusion sequences triggers PB formation of
fused proteins in tobacco BY2 cells and cassava storage roots.
The addition of full β-zein sequence at the 5`end of γ-zein-fusion proteins resulted
in the formation of PB structures in both BY2 cells and cassava storage roots (Fig. IIIA3A, 3B), indicating that the β-zein sequence contains the elements required for PB
formation.
The full β-zein sequence exceeds 500 bp in length, comprising the essential
elements of protein-protein interactions as well as other amino acids in the structure of
the β-zein protein. We hypothesized that the cysteine amino acids and the hydrophobic
stretch in β-zein sequence are sufficient and can replace the full β-zein sequence in the
protein body shuttle vector (PBSV-I). Therefore, a new shuttle vector was made (PBSVII: Fig. IIIA-3C), that contains the proline-rich repeat of γ-zein fused to a soluble protein,
such as sporamin or BHL8, and a hydrophobic stretch plus cysteine amino acids from βzein sequence on the 3`end of the vector. Transgenic BY2 cells showed that target
proteins in PBSV-II were able to form PBs (Fig. IIIA-3C). Next, the selected β-zein
sequences were relocated to the 3`end of the γ-zein (PPPVHL8) repeat, leaving the 3` end
to the target protein of interest (PBSV-III: Fig. IIIA-3D). This construct was also able to
form PBs in transgenic BY2 cells (Fig. IIIA-3D). These results indicate that (PPPVHL8)
along with the hydrophobic stretch and the cysteine amino acids of β-zein were sufficient
to establish PBs in BY2 cells and were also able to increase the total protein content in
transgenic cells by at least three-fold (Fig. IIIA-3E).
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Figure IIIA-3: Protein body shuttle vector (PBSV) contains the required elements to form PBs in
BY2 cells. (A) PBSV-I construct, the CaMV-35S promoter deriving the γ-zein first 89 amino acids and
β-zein full sequence separated by a cloning space for the target protein of interest. Confocal images
show immuno-localization of BHL-8, sporamin and GFP as target proteins in the PBSV-I. The full βzein sequence and γ-zein first 89 amino acids are able to localize the fused proteins to the ER and
trigger the PB formation. Bars = 35µm. (B) PBSV-I in cassava, showing transgenic cassava storage
root parenchyma cells expressing PBSV-I:sporamin or PBSV-I:BHL8. Bars = 80 µm. (C) PBSV-II
construct showing CaMV-35S promoter deriving γ-zein proline-rich repeat and partial β-zein sequence
with a space between them for target protein cloning. Confocal images show immuno-localization of
BHL-8 and Sporamin expressed in BY2 using PBSV-II system showing the PBs in BY2 cells. Bars =
35µm. (C) PBSV-III construct, CaMV-35S promoter deriving the fusion between proline-rich repeats
from γ-zein and β-zein partial sequence, containing cysteine amino acids and a hydrophobic stretch,
followed by the target protein. Confocal images show immuno-localization of transformed BY2 cells
with PBSV-III expressing BHL-8 or sporamin. Bars=35µm. (D) Total protein content in transgenic
BY2 cells expression PBSV-I, PBSV-II or PBSV-III with BHL-8, sporamin or GFP as target proteins,
total protein is quantified using Bradford assay. The graph shows no significant difference in the
protein content between transgenic BY2 cells expressing any of the PBSVs that were able to
accumulate up to 3-4 fold more than non-transgenic cells. Zeolin is the only PB forming protein here
that does not contain a 3`UTR sequence. Statistical analysis performed using GraphPrism software; N =
5, ** = significant (alpha = 0.05), Discrepancy = >0.5.
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γ -zein proline-rich repeat (PPPVHL8), cysteine residues, and the hydrophobic
stretch from β -zein are necessary to form PBs
The shorter version of PBSV, containing (PPPVHL8) and the β-zein elements,
was able to trigger PB formation in BY2 cells (Fig. IIIA-3D). To examine whether if all
or some of these elements were necessary for PB formation, a series of experiments were
established. First, a BiP knockout was made in BY2 cells by specific siRNA against BiP
in order to examine the ability of PBSV-III to form PBs under highly reduced levels of
BiP. PBSV-III expressing sporamin as the target protein was able to form aggregates in
and out of the ER of BiP knockout cells (Fig. IIIA-4A). Western blots from expressing
PBSV-III:sporamin using either anti γ-zein and anti-BiP antibodies, showed that BiP is
normally associated with the PBs in transgenic BY2 cells without the knockout but very
low amount was detectable in the transgenic BY2 cells with the BiP knockout (Fig. IIIA4B), suggesting that BiP interaction is essential for establishing PBs.

Second, the

addition of a reducing agent, such as 2-βME, to the BY2 cells growth media 72 hours
prior to microscopy sampling showed partial restoration of GFP signal, which was lost in
the GFP PBs and partial disruption of PBs containing BHL8 and sporamin proteins (Fig.
IIIA-4C), indicating that disrupting the sulfur bridges between cysteine residues disrupts
the PB folding. This result confirms the previous report where cysteine amino acids were
deleted or substituted from PB forming sequences (Vitale & Boston, 2008). Finally,
PBSV-III without the hydrophobic stretch was compared to full PBSV-III containing
sporamin as a target protein. The resulting transgenic cells showed lower amounts of
PBs in BY2 cells (Fig. IIIA-4D).
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Figure IIIA-4: Essential elements required in the process of PB formation in tobacco BY2 cells.
(A) Confocal microscopy of transgenic BY2 cells expressing PBSV-III construct containing sporamin
protein (left) and a dsRNA BiP silencing construct (right). The cells with BiP knockout and sporamin
PBs shows that sporamin is unable to form complete spherical structures and it is distributed in the
cytoplasm instead of being concentrated as PBs. Bars = 40µm. (B) Western blot of BY2 cells
expressing either sporamin PBSV-III alone or with dsRNA BiP silencing constuct. Equal amounts of
total protein (20 µg) were loaded on 12% SDS-PAGE and transferred onto nitrocellulose membrane
then hybridized with anti-γzein antibodies, washed, and re-hybridized with anti-BiP antibodies. The
blot shows that PBSV-III sporamin is expressed and interacting with BiP chaperone, while in the BiP
knocked out cells it is shown as one band with lower concentration. (C) Confocal microscopy of
transgenic BY2 cells expressing PBSV-III construct with GFP, BHL8 or sporamin target proteins (left)
with the presence of 2-βME reducing agent in the growth medium (right) as described in materials and
methods. The presence of a reducing agent in the growth medium resulted in breaking the disulfide
bonds in expressed proteins and re-solubilizing PBSV-III expressed proteins. In GFP, the insoluble
form of GFP PBs lost their fluorescent signal and restored it back after the addition of a reducing agent.
Bars = 40 µm. (D) Immuno-localization of transgenic BY2 cells expressing PBSV-III sporamin (left)
and PBSV-III sporamin without the hydrophobic amino acid stretch (right). Results show that TMD is
important for sporamin PBs accumulation in BY2 cells.
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PBs encapsulate other proteins found in the ER of host cells
Purified PBs from transgenic BY2 cells in native conditions showed band sizes
that are higher than expected for the designated fusion target proteins. The sonication of
purified PBs followed by SDS denaturation showed other protein bands (Fig. IIIA-5A),
which through elution and identification by MS-ID were shown to include several
precursor proteins, ER ATPases, and some ER membrane proteins.

Moreover, an

ATPase-affinity assay from BY2 crude protein extracts showed the designated proteins,
which were also eluted and identified by the MS-ID, along with BiP Chaperone and other
ER resident ATPases proteins (Fig. IIIA-5B), suggesting that the PBs encapsulate other
proteins found in the ER during the formation of PBs. The purification of PBs from BY2
cells with a 70% alcohol based extraction buffer followed by a 5, 10 and 15% Ficoll
gradient resulted in bands that corresponds to the size of proteins (Fig. IIIA-5C).

Figure IIIA-5: Protein bodies encapsidate other proteins in its spherical structure during the
formation process. (A) Scanning electron microscopy (left) of purified PBs showing one spherical PB
ranging between 5-7µm in diameter. Next is a native PAGE with purified protein bodies showing
higher size than expected, the band from the native gel was eluted, sonicated and loaded on the
following denaturing SDS-PAGE, which shows other bands associated with the purified PB that
appeared after sonication and denaturation. The different bands on the SDS-PAGE were eluted,
digested and subjected to MS-ID, which showed a range of ATPases and ER membrane proteins and
the PB associated with BiP chaperone. (B) Total protein after ATP-affinity assay loaded on 12% SDSPAGE showing bands that were subjected to MS-ID, as described in materials and methods, and
identified as the PB along with BiP and also showed a range of ER ATPases. (C) The process of PBs
purification from transgenic BY2 cells by a Ficoll gradient, where total protein was extracted without a
reducing agent and loaded on Ficoll gradient then separated into three layers. Next is SDS-PAGE of
the three layers from Ficoll gradient showing the range of proteins that were present in each gradient.
The last SDS-PAGE (right) showing the eluted bands from the previous gel that were loaded on 12%
SDS-PAGE.
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Transgenic cassava expressing PBSV-I accumulates protein over time and contains
lower HCN levels
The PBSV-I transgenic cassava lines expressing either sporamin (pILTAB-770),
BHL8 (pILTAB-771) or both (pILTAB-772) accumulated protein over time up to 3-fold
greater than non-transgenic plants when grown under greenhouse conditions (Fig. IIIA6A). In-vitro transgenic cassava plantlets expressing PBSV-I had an average of 1% total
protein content, fresh weight (fw) compared to the non-transgenic, which had 0.62% total
protein (fw). Transgenic plants expressing PBSV-I:sporamin had reached 10.03% dw
(pILTAB-770-004) after 6 months of growth, a 3.15-fold increase on total protein content
when compared to non-transgenic cassava (3.18% dw), over the same period of time.
PBSV-I:BHL8 transgenic cassava accumulated 8.70% dw protein in 6 months and plants
expressing a mixture of PBSV-I:sporamin and PBSV-I:BHL8, as target proteins,
accumulated 7.74% dw total protein content over 6 months of growth in the greenhouse.
While GFP expressed under the control of patatin promoter in transgenic cassava did not
show any significant increase in total protein content different than the non-transgenic
control, erGFP with the same promoter accumulated up to 4.9% dw total protein (Fig.
IIIA-6A), indicating that subcellular targeting stabilizes proteins and help in the
accumulation over time. HCN levels were reduced in all transgenic plants, at different
levels, in both leaves and roots. PBSV-I:sporamin transgenics had the lowest of all,
reaching a 45% reduction in leaf HCN and 52% in roots. Transgenic cassava expressing
both sporamin and BHL8 as target proteins in PBSV-I contained reduced HCN levels by
31% in leaves and 43% in roots, as indicated in figure IIIA-6B.
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Figure IIIA-6: Protein accumulation and HCN reduction in cassava storage roots grown in
greenhouse conditions. (A) Expression of protein bodies in storage roots of cassava leads to protein
accumulation over time. Total protein content in transgenic cassava storage roots quantified by
Bradford assay during growing time after transformation, showing; In-vitro: before transfer to soil, one
month: after transfer when storage roots did not form yet. Third month: storage roots are established
and the following measurements are all from storage roots. The chart represents the accumulation of
proteins during the time of growth until harvest at 6 months after transfer to soil. (B) HCN levels at the
time of harvest in transgenic cassava. The chart shows an average of 30-40% reduction in leaves and
50-60% reduction in roots of transgenic cassava expressing PBSV-I:sporamin (blue bars), PBSVI:BHL8 (light blue bars) and transgenics expressing PBSV-I:sporamin and PBSV-I:BHL8. Fresh
samples are collected at the time of harvest and analyzed using Orion CN- sensitive electrode as
detailed in materials and methods. Number of repeats = 7.
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Performance of fully-grown transgenic cassava plants expressing PBSV-I proteins
Field-grown plants, grown for 7½ months, accumulated high protein levels over
time, where six transgenic lines expressing PBSV-I:sporamin and six lines expressing
PBSV-I:BHL8, driven by the patatin promoter, were grown in fields to produce mature
plants. Total protein content within peeled storage roots harvested from field grown
plants at 4½, 6½ and 7½ months of age, showed accumulation over time as shown in
figure IIIA-7A. The highest protein content in PBSV-I:sporamin transgenics reached
10.48% dw after 7½ months, more than 3.7 fold increase in total protein content.
Transgenic plants expressing PBSV-I:BHL8 accumulated 10.24% protein over the same
period of time (Fig. IIIA-7A), the variation in protein accumulation level is related to the
expression level of PBSV-I proteins as shown in western blots (Fig. IIIA-7B). On the
other hand, HCN was reduced by 57.0% in the roots of PBSV-I:sporamin transgenic
cassava (line 770-006), and 47.9% in pBSV-I:BHL8 (line 771-004) as shown in figure
IIIA-7C.
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Figure IIIA-7: Field grown transgenic cassava accumulates protein over time and has reduced
HCN levels. (A) Protein accumulation in transgenic cassava expressing PBSV-I:sporamin or BHL-8.
Total protein is measured by Bradford assay from lyophilized samples at 4.5, 6.5 and 7.5 months old
storage roots grown in Puerto Rico field trial, showing that total protein increase with time. (B) Western
analysis of plants shown in (A) using anti-γzein antibodies. Equal amounts of total protein loaded on
12% SDS-PAGE, which were transferred to nitrocellulose membrane and hybridized with anti-γ zein
antibodies showing band intensities that correspond to protein, levels in (A). (C) HCN content in
transgenic cassava roots grown in the field. Total reduction ranging between 35-45% in HCN levels
were detected using Orion CN- sensitive electrode, as described in materials & methods, from 7.5months-old fresh storage roots grown in Puerto Rico field trial. Each line is repeated 3 times and each
repeat contain 7 plants.
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Transgenic plants in the field trial showed insignificant variation in height and
yield, with the exception of one line that showed a dwarf phenotype in the field
(pILTAB770-005) with less yield, and another line that had less roots was (pILTAB770007) as shown in figure IIIA-8A. Harvest index and dry matter content calculations (Fig.
IIIA-8B) reflected the height and yield measurements, showing no major differences
from the control with the exception of the dwarfed line pILTAB770-005.

Figure IIIA-8: Agronomic characteristics of transgenic cassava plants growing in the field. (A)
Height and Yield of transgenic cassava plants growing in Puerto Rico field trial showing no significant
difference than non-transgenic controls with the exception of line pILTAB770-005 that showed a
phenotypic symptoms. Non-transgenic cassava (green bar), PBSV-I:sporamin transgenic cassava (blure
bars) and PBSV-I:BHL8 transgenic cassava (light blue bars). Height is measured by cm and yield is
measured by tone / hectare of field grown cassava (B) Harvest Index and dry matter percentage of
transgenic cassava grown in field, differences in harvest index are shown due to the number of roots
being harvested and the dry matter shows no significant changes. Calculations for the harvest index and
dry matter percentages are described in materials & methods. Each line analyzed is repeated 3 times and
each repeat contains 7 plants
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Discussion

Protein targeting to ER and accumulation in tobacco BY2 cells
Plant cell culture systems have been used in the production of recombinant
proteins for a long time, as the first recombinant protein expression in a plant cell was
reported over 20 years ago (Sijmons, et al., 1990), and since then, many recombinant
products have been reported in cultured plant cells such as enzymes, antibodies,
hormones and many other proteins (Hellwig, et al., 2004). Biofortification of proteindeficient crops with either high sulfur-containing amino acids or nutritionally balanced
proteins is still considered technically challenging in terms of protein stability and
accumulation. Subcellular targeting has been suggested in recent reviews as a way to
overcome the stability and accumulation problems of expressed proteins (De Jaeger, et
al., 2002; Streatfield & Howard, 2003). When phaseolin soluble protein was expressed
in the absence of ER retention signal, total protein content in transgenic cultured cells
increased insignificantly compared to wild-type cells (Fig. IIIA-2A, -2B), while the
addition of a KDEL retention signal was able to increase the protein level by 2.5-fold,
over that of wild type (Fig. IIIA-2B), greenhouse grown cassava showed a difference of
1.55-fold in total protein content when KDEL was used to target GFP to the ER (Fig.
IIIA-7A).

Moreover, the first 89 amino acids of γ-zein increased the stability of

phaseolin, such that the cells accumulated up to 3.5-fold greater protein content. The
later fusion protein “zeolin” has been reported earlier to form stable PBs (Mainieri, et al.,
2004). The same γ-zein signal was fused to other soluble proteins, such as BHL8, BHL9,
and sporamin, believing that it would cause the same effect and trigger PB formation.
However, the actual results shown in figure IIIA-2C indicated that such fusions are
aggregates and do not form PBs. Nevertheless, such fusions were able to increase the
total protein content up to 2.6 to 2.9-fold higher than non-transgenic wild type,
confirming the previous findings that ER targeted proteins can accumulate two-fold
higher than non-ER targeted proteins whether a KDEL or γ-zein retention signal is used
(Wandelt, et al., 1992; Bellucci, et al., 2007).
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Key elements required to form and accumulate PB’s in tobacco BY2 cells
Targeting protein translation through the addition of certain 3`UTR sequences
was previously reported to affect both mRNA stability and protein accumulation (Okita,
et al., 1998). The addition of the β-zein 3`UTR to the β-zein sequence resulted in
localizing mRNA to the ER (Fig. IIIA-1A) and increasing both mRNA (Fig. IIIA-1B)
and protein levels (Fig. IIIA-1C). Since the absence of the 3`UTR sequence resulted in a
1.5-fold increase in protein levels, all PBSVs were engineered to contain the same 3`UTR
for further protein accumulation with the exception of the zeolin construct that was used
as reported in Mainerei et al., (2004).
The proline-rich repeat in the γ-zein sequence serves as an ER-retention signal
with high affinity to BiP Chaperone (Vitale & Pedrazzini, 2005), providing more stability
and accumulation in the lytic free ER environment (Pompa & Vitale, 2006). The ability
of zeolin to form PBs in the ER is not due to the γ-zein sequence alone; rather, the
phaseolin protein has contributing elements within its sequence, suggested to be the
cysteine disulfide bonds (Pompa & Vitale, 2006). The proline-rich repeat in γ-zein was
not able to trigger PB formation for other soluble proteins as shown in figure IIIA-2C,
while the addition of the full β-zein sequence to the γ-zein fusion protein triggered the
formation of PBs in both BY2 cells and cassava storage roots as shown in figure IIIA-3A
and -3B, indicating that the required elements to form PBs are within the β-zein
sequence.
Cassava transgenic plants expressing PBSV-I fusion proteins accumulated high
levels of protein when grown either in the greenhouse of in the field (Fig. IIIA-6A and
IIIA-7A). The protein accumulation over time indicates the stability of PBSV-I proteins
and also emphasizes the ability of cassava to store such high amounts of protein in the
storage roots. Cultured BY2 cells had all the nitrogen supplied in the media, while
cassava showed the ability to balance its nitrogen reserve by redirecting the flow of
nitrogen from cyanide biogenesis towards the protein synthesis machinery in the storage
roots as shown in figure IIIA-7C. Protein accumulation in the storage roots showed no
obvious effect on the transgenic plants grown in the field; the insignificant variation in
harvest index or dry matter content was not associated with a phenotypic change as
shown in figure IIIA-8.
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Substituting the full β-zein sequence with a truncated β-zein sequence containing
only cysteine amino acids along with the hydrophobic stretch was also able to trigger PB
formation (Fig. IIIA-3C), suggesting that the proline-rich repeat sequence from γ-zein
and the cysteine amino acids, and a hydrophobic stretch from β-zein are all required to
trigger PB formation, whether truncated β-zein sequence was on the 3` or 5`end of the
target protein (Fig. IIIA-3D). The experiments in figure IIIA-4 show that the proline-rich
repeat, cysteine amino acids and the hydrophobic stretch are all essential elements in
forming PBs in transgenic BY2 cells. Interrupting the disulfide bonds between cysteine
amino acids, by adding a reducing agent to the transgenic cells culture resulted in braking
the sulfur bonds in the PBs that had already formed (Fig. IIIA-4C), confirming the results
from previous reports that disulfide bonds are essential in forming PBs (Pompa & Vitale,
2006). Finally, the elimination of the hydrophobic stretch from β-zein affected the
accumulation of PBs in the cell, where less protein was observed (Fig. IIIA-4D),
indicating that anchoring PBs to ER and its derived vesicle membranes is essential in the
accumulation process of these PBs. We suggest here that the presence of the 3`UTR
sequence in all expression constructs (except zeolin) is responsible for the difference in
protein accumulation level shown in figure IIIA-3E, however this variation requires
further investigation.
Encapsulation of ER endogenous proteins during the process of PB formation
One of the main characteristics known about zein proteins is their ability to
sequester other proteins into PBs (Hinchliffe & Kemp, 2002). The purified insoluble
protein bodies in this study were identified as spherical bodies with a diameter ranging
from 5 to 7 µm and a theoretical expected molecular weight corresponding to the fused
target protein. Surprisingly, the actual molecular weight of our PBs was higher than
expected as shown in native PAGE (Fig. IIIA-5A). When purified PBs were sonicated
and separated in denaturing PAGE, other protein bands were present, suggesting that the
PBs had other proteins within its spherical structure. MS identification of the proteins
has shown different ATPases and ER membrane proteins to be associated within the PBs
(Fig. IIIA-5A). Since zein proteins are also known to bind to BiP Chaperone in the ER
(Geli, et al., 1994), ATPase-affinity based purification showed BiP Chaperone to be
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associated with PBs along with other ATPases in transgenic BY2 cells (Fig. IIIA-5B),
confirming the previous result (Sitia & Braakman, 2003) and indicating that PBs
sequester and encapsulate other proteins during the buildup of PBs in the ER, whether the
encapsulation process is random or proteins are selectively incorporated requires more
investigation. These results would suggest the capability of using this technology in
producing PBs on an industrial scale and the ability to produce other sensitive proteins
that would be protected within the PBs with this easy, low cost purification process of
these PBs (Fig. IIIA-5C).
The main goals of this study were to find a strategy to stabilize and accumulate
recombinant proteins in plant cells, thus increasing the total protein content of the
transgenic cells, and to transfer this technology into cassava in an easy cloning system to
enhance the protein content in its storage roots. The results of this study suggest that the
process of PB formation starts from polypeptides interacting with the BiP Chaperone and
then interactions with the other polypeptide members through sulfur bonds, the
hydrophobic amino acid stretch helps to stabilize the newly formed PBs by anchoring
these proteins to the ER membrane, although this suggestion requires further
investigation.

Nevertheless, this technology was successful to enhance the protein

content in protein-deficient crops, such as cassava, not excluding the ability to be used in
the production of recombinant proteins in a large scale.
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Materials and Methods

Protein sequences and PB forming elements. Sequence comparison and alignments
were carried out to find similarities between natural PB forming sequences (from maize;

α-zeins [Acc. No. AY434688], β-zeins [Acc. No. AF371264], γ-zeins [Acc. No.
AF371261] and δ-zeins [Acc. No. AF371266], sorghum; δ-kafirin [Acc. No. FJ648685],
soybeans; β-conglycinin [Acc. No. BAB64305] and rice; prolamin [Acc. No. X65064])
using DNASTAR computer software (DNASTAR, WI. USA).

Protein biophysical

properties were also compared, with respect to hydrophobicity and hydrophilicity
profiles, using DNASTAR computer software (DNASTAR, WI. USA).
Construction of plant expression vectors.

Soluble proteins were amplified using

primer sets in Table 1 and cloned downstream of the CaMV 35S promoter into
pMON999 shuttle vector (Monsanto). Phaseolin and GFP soluble protein were amplified
using the primer sets mentioned in Table 1 and cloned into pMON999 in the same
manner; Phaseolin and GFP were also fused to a KDEL sequence at their C-terminus.
The cassette containing the 35S promoter, the target protein sequence, and ending with TNOS terminator was cut with NotI restriction endonuclease, blunted with Mungbean
nuclease and cloned into SmaI site of pCambia 2300 binary vector. Fusion proteins were
constructed by amplifying the γ-zein retention sequence with primer sets shown in Table
1, Which was then cloned between BglII and XbaI restriction sites downstream to the
CaMV 35S promoter in pMON999 vector, followed by amplifying β-zein sequence along
with its 3`UTR end with primer set shown in Table 1, then cloning it between KpnI and
BamHI restriction sites leaving a cloning site between XbaI and KpnI sites for the target
protein.

The resulting shuttle vector was named “Protein Body Shuttle Vector I

(PBSVI)”. For cassava transformation, the CaMV 35S promoter was substituted with
patatin root sink promoter by excising the first promoter region with HindII and BglII
restriction enzymes then ligating the patatin sequence in the same sites. Later, The β-zein
sequence was scaled down to contain the hydrophobic amino acid stretch and cysteine
amino acids and synthesized using primer extension then ligated directly to the 3` end of

γ-zein retention sequence between XbaI and KpnI sites and named PBSVII, where the
target protein would be cloned between KpnI and BamHI sites. Finally, the synthesized
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portion of β-zein was cloned directly after the proline-rich repeat of γ-zein between XbaI
and EcoRI sites, leaving the EcoRI to BamHI multiple cloning sites for cloning the target
proteins. Soluble protein sequences were cloned in PBSV-I, PBSV-II or PBSV-III.
PBSV cassettes were excised using NotI restriction endonuclease, blunted by Mungbean
nuclease (Promega) and cloned into the SmaI site in pCambia 2300 binary vector.
Another cassette containing a hairpin DNA of BiP, amplified using the primer sets shown
in table 1, was cloned downstream to CsVMV promoter in pCambia-2300 binary vector
for BY2 transformation.
BY2 tobacco cell line transformation and selection of transgenic events. Suspensioncultured tobacco BY2 cells were mixed with Agrobacterium tumefaciens LBA4404
(grown to OD600 = 0.5) containing the designated binary vector after adding 200 µM
ACS. The tobacco BY2 cells were co-cultivated with Agrobacterium in a 100 x 15 mm
plates for 3 days in a light chamber at 24°C and then washed from bacterial cells with
BY2 washing media [MS salts; 2.2 g/L, Thiamine HCL; 1 mg/L, Myo inositol; 100 mg/L,
KH2PO4; 180 mg/L, Sucrose; 30 g/L, 2,4-D; 0.2 mg/L, MES; 2 g/L, pH 5.8]
supplemented with 500mg/L Carbencillin. The suspension was transferred to a tube and
cells were collected by centrifugation at 1000 X g for 5 minutes, cells were re-suspended
in BY2 washing media and collected again by centrifugation and finally, cells were resuspended in suspension media [BY2 washing media + 300 mg/L Kanamycin] then left
to settle for 30 minutes before spreading on NT1 selection media [MS salts; 4.3 g/L,
Thiamine HCL; 1 mg/L, Myo inositol; 100 mg/L, KH2PO4; 180 mg/L, Sucrose; 30 g/L,
2,4-D; 0.2 mg/L, MES; 2 g/L, pH 5.8, Nobel Agar; 9 g/L, Carbencillin; 500 mg/L and
Kanamycin; 300 mg/L] with one filter disk [8.5 cm Whatman paper]. Excess liquid was
removed and plates were cultured in dark chamber at 28°C.
Transgenic and control BY2 callus were sampled after six weeks in 2ml Fastprep
tubes containing Matrix A (MP-Bio) and grinded using FastPrep machine (MP-Bio).
DNA was extracted using Dellaporta method (Dellaporta, et al., 1983) and RNA was
extracted using Trizol reagent (Invitrogen). 10 µg of DNA were blotted on a Nylon+
membrane (GE Amersham) and let to dry for 30 minutes in room temperature. The DNA
was denatured by placing the membrane on 3 layers of Whatman filter papers soaked
with 0.5 M NaOH for 5 minutes, then the membrane was soaked in 1 M Tris-HCL [pH
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7.5] for 5 minutes, 2x SCC for 5 minutes and finally in 95% ethanol for 5 minutes. The
membranes were fixed in UV crosslinker and hybridized non-radioactively with specific
probes prepared using AlkPhos direct labeling system (GE Amersham). 1 µg of RNA
was used for reverse transcription by superscript one step cDNA kit (Invitrogen)
following the manufacturer instructions with specific primer sets.
Cassava transformation and selection of transgenic lines. Agrobacterium tumefaciens
strain LBA4404, harboring pILTAB-770, -771, -772 and pCambia2300 as an empty
vector control, pCambia2300-GFP and pCambia2300-erGFP as transgenic controls, was
used to genetically transform cassava friable embryogenic callus of the West African
cultivar 60444. Transformed cells were recovered, and plants regenerated on selection
media, propagated and sampled for DNA, RNA and protein analysis. DNA was extracted
from leaves of in vitro plants according to the Dellaporta method (Dellaporta, et al.,
1983) and used for PCR and Southern blot analysis. In the latter, 10 µg of DNA were
digested with BglII or BglII + KpnI, loaded on a 0.8% w/v agarose gel, transferred onto
N+ Hybond membrane (GE Amersham) and hybridized with a non-radioactive probe for
NPT-II selection marker gene, prepared using the AlkPhos kit (GE Amersham).
Extraction of RNA from transgenic events was performed from in vitro plants and from
6-month-old plants grown in the greenhouse at DDPSC using Trizol reagent (Invitrogen)
according to the manufacturer’s instructions. First strand cDNA was generated using the
Superscript II system (Invitrogen) from 1 µg of RNA template and subsequent PCR
performed using 1 µg of cDNA and corresponding primer sets shown in table 1.
Northern blots were performed by loading 10 µg of total RNA onto 1% w/v
formaldehyde agarose gel, transfered to N+ Hybond membrane and hybridized using a
AlkPhos non-radioactive DNA probe generated from NPT-II sequence. RNA levels were
determined using ImageQuant software to measure band intensity.
Protein analysis. Total protein was extracted from transgenic cassava and BY2 cells
according to Mainieri et al., (2004) (Mainieri, et al., 2004) and quantified by Bradford
assay (Bradford, 1976). Samples were collected after 10 weeks of growth for BY2 cells,
while cassava samples were collected in-vitro and every 30 days up to 6 months. A 100
mg tissue sample was placed in a 2 ml tube with a ceramic bead, 1 ml of protein
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extraction buffer and homogenized using FastPrep machine (MPbio). The homogenate
was filtered through layers of cheesecloth, protein precipitated with TCA and quantified.
Western blots. Equal protein concentration were loaded on a 12% w/v polyacrylamide
gel and transferred onto a nitrocellulose membrane or directly blotted on membranes for
Western blot analysis. Membranes were blocked with 5% skimmed milk in TTBS buffer
and appropriate corresponding primary antibodies were used (Anti-phaseolin, anti-β zein,
anti-γ zein and anti-BiP for BY2), HRP-conjugate secondary anti-bodies used for
subsequent quantification after film development using ImageQuant software (GE
Amersham).
Immuno-fluoresence microscopy. Transgenic cassava storage root cells and transgenic
BY2 cells were fixed in 4% para-formaldehyde, along with the non-transgenic controls,
and washed with TBST buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween
20). Fixed cells were treated with gentle cell wall lysing enzyme Drisalase (Sigma) for 5
min for BY2 cells and 15 min for cassava cells, washed five times with TBST, incubated
with designated primary antibodies for one hour, washed five times with TBST and
incubated again with Alexa-Fluor 488 fluorescent secondary antibodies (Invitrogen) for
another hour. Cells were washed five times with TBST buffer and spread on glass slides
for visualization under the confocal microscope (Nikon Eclipse E-800 C1) with 100 ms
exposure using laser excitations corresponding to the fluorescent antibodies.
Mass-spectrometry identification (MS-ID). Protein digests were subjected to nanoLC-ESI-MS/MS analysis. Nano-LC was performed by LC Packings Ultimate system
(San Francisco, CA) equipped with a Dionex C18 PepMap100 column (75 µm i.d.)
(Sunnyvale, CA) flowing at 180 nL/min. Peptides (5 µl injections) were resolved on a
gradient that started at 95% solvent A (5% acetonitrile, 0.1% formic acid) and 5% solvent
B (95% acetonitrile, 0.075% formic acid in MilliQ water) for 3 min, then increasing from
5 to 25% B over 5 min, from 25 to 60% B over the next 32 min, and from 60 to 95% B
over the final 5 min. Mass spectrometric analysis was performed on an ABI QSTAR XL
(Applied Biosystems/MDS Sciex) hybrid QTOF MS/MS mass spectrometer equipped
with a nanoelectrospray source (Protana XYZ manipulator).

Positive mode

nanoelectrospray was generated from fused-silica PicoTip emitters with a 10 µm aperture
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(New Objective, Woburn, MA) at 2.5 kV. TOF mass and product ion spectra were
acquired using information dependent data acquisition (IDA) in Analyst QS v1.1 with
mass ranges for TOF MS and MS/MS at m/z 300-2000 and 70-2000, respectively. Every
second, a TOF MS precursor ion spectrum was accumulated, followed by three product
ion spectra, each for 3 s. Switching from TOF MS to MS/MS was triggered by the mass
range of peptides (m/z 300-2000), precursor charge state (2-4) and ion intensity (>50
counts). The DP, DP2, and FP settings were 60, 10, and 230, respectively, and rolling
collision energy was used.
Determination of ATP-affinity bound proteins in BY2 cells. One gram transgenic and
control BY2 cells were collected and gently homogenized in TBS buffer containing
proteinase inhibitor cocktail (Sigma) and filtered using four layers of cheesecloth. Cell
lysate was passed through a 22 µm filter, loaded on 5, 10, 15, and 20% Ficoll gradient
and centrifuged for 3 hr at 15,000 rpm in 4°C. Precipitated proteins were collected and
incubated with ATP-Sepharose (Jena-Bioscience) to capture ATP bound proteins
following manufacturer instructions. ATP bound proteins were loaded on native and
denaturing acrylamide gels and protein bands eluted and identified using MS-ID. The
same precipitate recovered from Ficoll was washed with TBS buffer, blotted on
nitrocellulose membrane and hybridized with designated antibodies and their
corresponding secondary Alexa-fluor 488 antibodies for evaluation under the fluorescent
and scanning electron microscope (Hitachi TM 1000 tabletop).
Greenhouse growth conditions for transgenic cassava. Transgenic cassava events
with low (1 to 2) copy number, high RNA expression and high protein content were
propagated and transferred to soil in 7 cm pots grown in the greenhouse for 8 weeks then
translocated into 1.5 gallon pots, and evaluated for protein accumulation. Supplemental
lighting was provided for 14 hours daily with 1000 W metal halide fixtures. Artificial
lights provided an average photosynthetically active radiation (PAR) of 250 µmol m-2 s1.
Air temperature was maintained at 28°C during the day and 25°C at night. Fertilizer was
applied at 200 ppm N three times per week using Jack’s 15-16-17 Peat Lite and once a
week with Jack’s 15-5-15 Cal-Mag.
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Confined field trial growth conditions. Transgenic cassava was grown for 7½ months
at the Isabella Agriculture Research Station of the University of Puerto Rico, Mayaguez
in Northeast Puerto Rico, in a randomized block design with 3 reps and 8 plants/line/rep.
A uniform distance of 1.5 m spacing was maintained between each plant with nontransgenic CV. 60444 plant randomly distributed between transgenics. All steps to
confine and contain the transgenic material were observed as regulated by USDA APHIS.
Yield data comprising the number of roots above and below ground mass were measured
per plant at harvest, 7½ months after planting. Dry matter content and starch content
were calculated by computing specific gravity X per plant root, where X=Wwater/(WairWwater). Wair is normal weight of 3 to 5 kg of roots while Wwater is the weight in water of
those same roots. Dry matter percentage and starch percentage is then equal to 158.3x142 and 112.1x-106.4, respectively (Kawano, et al., 1987). Harvest index was calculated
by assessing the proportion of root fresh weight as a ratio of the total fresh weight of the
plant (Kawano, 1990).
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PART B

Starch binding domain: targeting storage proteins to starch granules in
the amyloplast
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Abstract

The staple food crop of Africa, cassava, is a starchy root crop with very low
protein content, appreciated for its high calorie content. With the current world food
crisis, it is hard for those who live in poverty to find the ability to substitute or
supplement their cassava diet with other nutritious crops. In order to address the problem
of protein deficiency in cassava storage roots, we studied the possibility of using the
starch granule as a molecular host for storing proteins. Proteins were fused to a starchbinding domain and introduced to cassava under the control of constitutive or root
specific promoters. Resulting transgenic plants had more than two and a half fold
increase in total protein content, reaching to 8.2%, with a total reduction in HCN levels,
reaching 37%. Regenerated transgenic cassava plants showed a difference in dry matter
content and starch morphology.
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Introduction

Cassava (Manihot esculenta Crantz.) is the major food crop in Africa and sub
Saharan Africa, being appreciated for its high calorie content and for its survival in low
nutrient arid soils (Burrell, 2003). Although it is the cheapest source of calories for food
and feed, cassava storage roots provide 40% more carbohydrates than rice and 25% more
than maize (Tonukari, 2004). The storage roots of cassava are specialized in synthesizing
and storing starch, which represents more than 80% of its dry matter (Cock, 1985), and
devoid in crude fat, protein, phosphorus (Munyikwa, et al., 1997) and minerals
(Tonukari, 2004). Malnutrition and chronic protein deficiencies are often reported in
areas where cassava is consumed as the main diet (Lancaster, et al., 1982) high
cyanogenic glucosides in cassava along with its low protein content can result in diverse
acute symptoms leading to death (Kamalu, 1993).

Protein enhancement in cassava

storage roots has been one of the main goals for cassava breeders to overcome
malnutrition problems (Chavez, et al., 2005; Nassar & Sousa, 2007), although proteomic
studies have shown that the storage roots of different cassava cultivars have no storage
proteins (Sheffield, et al., 2006; Li, et al., 2010).
The real capacity of cassava roots to store and accumulate storage proteins is not
fully known, the only transgenic attempt to enhance the protein content in cassava storage
roots was reported few years ago (Zhang, et al., 2003) without any specific targeting
strategy. Therefore, we hypothesized here that targeting a storage protein to the most
abundant molecule in cassava, starch granules in amyloplasts, would enhance the total
protein content in cassava storage roots.

Previous reports have shown that storage

proteins can be associated with starch granules, such as maize zeins that comprise about
50% of the total starch granule associated proteins (Mu-Forster & Wasserman, 1998).
Cassava starch molecules are synthesized as multilayers of two main polysaccharides, a
linear amylose molecule (20-30%) and (70-80%) a highly branched amylopectin
molecule (Ji, et al., 2003), and stored in amyloplasts (Smith, et al., 1997) as round
granules ranging in size from 5-40µm (Moorthy, 1994). Starch biosynthetic enzymes
have a conserved starch-binding domain (SBD) that allows it to interact with the starch
granule and perform its activity (Ji, et al., 2003). In a biotechnological sense, SBDs have
been used in targeting enzymes that can modify the structure or biochemistry of starch
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granules for certain industrial applications. This technology has not been applied in
targeting storage proteins to starch granules to enhance the protein content and there is no
information about any effect on the starch biochemistry or morphology. Therefore, we
have engineered protein fusions with a SBD targeted to the storage roots of cassava by
the patatin root sink promoter. Results have shown that starch-granules can serve as host
molecules for storage proteins and that accumulated proteins in transgenic cassava roots
affected the cyanide level in the whole plant. In this study, the consequences of binding
proteins to the starch granule in cassava and its effect on the starch morphology are
discussed.
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Results

Transgenic cassava expressing SBD-fusion proteins
Cassava

plants

were

transformed

with

SBD-fusion

protein

constructs

(pILTAB809, pILTAB810, pILTAB813, and pILTAB814) under the control of either
CaMV35S or patatin promoters (Fig. IIIB-1A).

Figure IIIB-1: Transgenic cassava expressing SBD-fusion protein selection. (A) T-DNA of binary
vectors used for cassava transformation. Empty vector, pILTAB-GFP, and pILTAB-erGFP (ER
targeted GFP) were used as experiment controls. pILTAB-809 and pILTAB-810 are SBD:GFP cassettes
cloned downstream of patatin and CaMV35S promoters, respectively. pILTAB-813 and pILTAB-814
are SBD:sporamin cassettes under cloned the control of patatin and CaMV35S promoters, respectively.
(B) RNA northern dot-blot of selected, low copy number, in vitro transgenic plantlets. RNA is detected
by NPT-II non-radioactively labeled probe, using AlkPhos labeling kit (Amersham) as detailed in
materials & methods. Seven healthy looking plantlets were selected and transferred to soil.
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From a total of 250 generated in vitro plantlets for each construct, 80 transgenic
events were tested for inserted DNA low copy number and for RNA expression. Seven
healthy looking plants showing 1-2 copies of inserted DNA and a positive NPT-II RNA
expression (Fig. IIIB-1B) were transferred to 7 cm soil pots and grown in the greenhouse
for 6 months. Harvested plants were analyzed for their total protein, HCN content, and
starch morphology.
The SBD fusion proteins have shown the ability to increase the total protein
content in cassava by 2.7 fold when targeted to the storage roots (Fig. IIIB-2A), where
both SBD:GFP and SBD:sporamin fusions have shown a maximum of 7.5% for
SBD:GFP (transgenic line pILTAB809-006) and 8.3% total protein content for
SBD:sporamin (transgenic line pILTAB813-006) when both were driven by the patatin
promoter as shown in figure IIIB-2A. The highest total protein content for 35S driven
fusions was 6.6% in SBD:sporamin fusion Transgenic line pILTAB814-002 (Fig. IIIB2A), while SBD:GFP had 5.15% (transgenic line pILTAB810-002) as the highest total
protein in cassava, close to the erGFP transgenic controls (4.9%). Western analysis,
using anti-GFP antibodies, for the SBD:GFP fusions have shown that storage root
targeting increases the accumulation by 2.3 fold compared to soluble GFP transgenic
plants, and 1.5 fold the ER targeted GFP transgenic cassava (Fig. IIIB-2B). Moreover,
patatin-driven expression of SBD:GFP fusion showed more than 3 fold accumulation in
roots than leaves, while the constitutive expression had an opposite effect (Fig. IIIB-2C),
where leaves showed 1.5 times the amount of SBD:GFP fusion than the storage roots as
shown in figure IIIB-2C. The total protein increase in transgenic cassava expressing
SBD-fusion proteins was associated with a reduction in total cyanogens level when
compared to the non-transgenic cassava, where leaves and roots have shown an average
of 37% reduction in detected HCN (Fig. IIIB-2D), suggesting that transgenic cassava was
unable to build and accumulate its cyanogens to the level of non-transgenic control
because of protein synthesis.
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Figure IIIB-2: Greenhouse grown transgenic cassava expressing SBD-fusion proteins has higher
protein and lower HCN content. (A) Protein accumulation in transgenic cassava expressing SBDfusion proteins. Non-transgenic cassava (green bar), transgenic cassava transformed with an empty
vector (gray bar), cassava expressing soluble GFP under the control of patatin promoter (light green
bar) and cassava expressing erGFP (green bar) are compared to transgenic cassava expressing SBD
fusion proteins; pCaMV35S:SBD:GFP (dark red bars), pPatatin:SBD:GFP (orange bars),
pCaMV35S:SBD:sporamin (red bars) and pPatatin:SBD:sporamin (blue bars). Total protein is
quantified using Bradford assay. (B) Western blot of cassava expressing soluble GFP, erGFP or
SBD:GFP, all under the control of patatin promoter. The blot shows the difference in accumulation
levels of GFP when targeted to ER or bound to starch. GFP is detected using anti-GFP antibodies
against equal amounts of protein extracts, loaded on 12% SDS-PAGE and transferred to nitrocellulose
membranes. Band intensities in the table below are calculated from 3 replicate westerns using
ImageQuant software. (C) Western blot SBD:GFP in leaves and roots of transgenic cassava under the
control of pCaMV35S (810-002) or patatin promoter (809-006). Bands are detected using anti-GFP
antibodies against equal amounts of protein and intensities are calculated from 4 replicate westerns
using ImageQuant software. (D) HCN content in transgenic plants expressing SBD-fusion proteins
compared to non-transgenics, empty vector transgenics, GFP and erGFP transgenic cassava. The charts
show the difference in HCN content in leaves and roots of transgenic plants. HCN detected using Oriom
CN- sensitive electrode as described in materials & methods. Number of repeats = 7.
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Fluorescence of SBD-GFP is detected in the xylem, parenchyma and peel of
transgenic cassava storage root cells
Cross sections of the harvested cassava storage roots have shown a strong GFP
fluorescence signals from both constitutive and root targeted expressions (Fig. IIIB-3A).
The non-transgenic cassava roots have a low fluorescence signal due to the starch
content, which is excited by λ 830 nm wave length, the compound signals from
transgenic roots showed that SBD-GFP fusion driven by patatin promoter (line
pILTAB809-006) has the highest fluorescence in the roots (Fig. IIIB-3A). GFP signal is
shown in the parenchyma cells, xylem, and the peel, isolated starch storing parenchyma
cells have confirmed the previous finding as shown in figure IIIB-3B. Isolated starch
granules from transgenic cassava storage roots expressing SBD-GFP fusion, line
pILTAB809-006, have shown fluorescence in the UV range after blocking the visible
light (Fig. IIIB-3C), indicating that GFP is associated with the starch granules.
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Figure IIIB-3: Transgenic cassava roots expressing SBD:GFP have high fluorescence signal. (A)
Cross sections of cassava storage roots grown in 7 cm pots in the greenhouse. Toluidine blue stained
cross section from cassava storage roots showing Peel, xylem and parenchyma cells (Left panel). GFP
fluorescence of transgenic cassava expressing soluble targeted GFP in cross sections of cassava storage
roots (right panel), transgenic cassava lines 810-002 expressing SBD:GFP under the control of
CaMV35S promoter and line 809-006 expressing SBD:GFP under patatin promoter control are
compared to GFP and erGFP transgenic cassava. Bars = 1 cm. (B) Cassava parenchyma cells from the
same lines in A, showing GFP fluorescence. Bars = 80 µm. (C) Cassava cells stained with iodine dye
(left panel). Isolated cassava starch (middle panel) from 809-006 transgenic line, transformed with
pPatatin:SBD:GFP. GFP fluorescence of isolated cassava starch (right panel) from line 809-006,
fluorescence signal is captured after blocking light over 800 nm to eliminate starch excitation.
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Performance of pot-grown transgenic cassava in the greenhouse
Greenhouse grown plants did not show a significant difference in plant height
(Fig. IIIB-4A) except the line pILTAB813-003, which was expressing SBD-sporamin
fusion, which had a phenotype showing more branches and smaller leaves. On the other
hand, storage root yield had high variations between lines and within the same line;
therefore, we calculated the dry matter percentage after drying the roots to overcome the
difference in fresh yield (Fig. IIIB-4B). The dry matter correlated negatively with the
protein content in transgenic cassava having less dry matter in high protein lines suggests
that targeting storage proteins to starch affects the total dry matter in the storage roots.

Figure IIIB-4: Agronomic characteristics of transgenic cassava grown in the greenhouse. (A)
Height of transgenic plants, measured in cm. Non-transgenic cassava (green bar), empty vector
transgenics (gray bar), GFP transgenic cassava (light green bar) and erGFP transgenic cassava (green
bar) are used as controls for pCaMV35S:SBD:GFP transgenic lines (dark red bars), pPatatin:SBD:GFP
transgenics (orange bars), pCaMV35S:SBD:sporamin transgenic lines (red bars) and
pPatatin:SBD:sporamin transgenic cassava (blue bars). The charts show the differences in height of the
green parts of the plants. (B) Dry matter content percentage in the storage roots of transgenic cassava
expressing SBD-fusion proteins compared to controls shown in A, percentage of dry matter is
calculated from the difference in weight before and after lyophilizing the samples, where the percentage
is equal to the weight after drying / before drying %. Number of repeats = 7.
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Starch granules size and morphology
Starch granule morphology investigations in transgenic cassava expressing the
SBD- fusion proteins have shown a different morphological structure when compared to
the non-transgenic or soluble proteins transgenic cassava. Punctured starch granules
were found, using scanning electron microscope (SEM), in transgenic cassava expressing
SBD- fusion proteins regardless of the promoter used (Fig. IIIB-5A - IIIB-5H). This
phenomenon can be seen at different levels in all transgenic cassava lines expressing the
fusion proteins, while GFP and erGFP transgenic cassava showed normal patterns of
starch morphology in comparison to the non-transgenic background as shown in figures
IIIB-5A, -5B, -5C and -5D. Moreover, transgenic cassava with SBD- fusion proteins
showed smaller starch granules, where the non-transgenic, empty vector (pCambia2300),
GFP or erGFP transgenics did not show this size alternation (Fig. IIIB-5I). The majority
of starch granules in the non-transgenic cassava had a size ranging from 30-40µm (56%),
while the transgenic line pILTAB809-006 had 49% of starch granules ranging between
10-20 µm in size and 34% between 5-10 µm (Fig. IIIB-5I).
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Figure IIIB-5. Transgenic cassava expressing SBD-fusion proteins have altered starch granule
morphology and size. Scanning electron microscopy (SEM) of starch granules purified from nontransgenic and transgenic cassava expressing GFP or SBD-fusion proteins, where (A) is wildtype, (B)
empty vector transgenic cassava, (C) transgenic cassava expressing GFP under the control of patatin
promoter, (D) transgenic cassava expressing erGFP under the control of patatin promoter, (E)
transgenic cassava line 810-002 transformed with pCaMV35S:SBD:GFP, (F) transgenic cassava 809006 transformed with pPatatin:SBD:GFP, (G) transgenic cassava line 813-006 expressing
SBD:sporamin under pCaMV35S control and (H) transgenic line 814-002 transformed with
pPatatin:SBD:sporamin. Bars = 5 µm. (I) Starch granule size in transgenic cassava compared to
controls. The chart represents the averages of starch granule size calculated from a triplicate count of 50
starch granules, showing a reduction in granule size in transgenic cassava transformed with SBD-fusion
proteins.
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Discussion

I have investigated the ability of starch granules to store and accumulate storage
proteins. Our results have shown the feasibility of increasing the total protein content in
cassava storage roots by more than 2.7 fold when the expressed storage proteins are
targeted to starch granules (Fig. IIIB-2A and -2B). Moreover, using a root sink specific
promoter is shown to be superior over constitutive expression as indicated in figure IIIB2C. Total protein increase in transgenic cassava, described here, was associated with an
overall reduction in cyanogens by more than 37% (Fig. IIIB-2D), suggesting that cassava
can redirect its nitrogen reserve from cyanogens biosynthesis to protein biosynthesis
when a protein sink is established. The starch-targeting signal used here, SBD (Ji, et al.,
2003), was shown previously to be effective in binding targeted enzymes to starch
granules in potato (Ji, et al., 2003; Firouzabadi, et al., 2007) to improve the starch quality
for certain industrial uses.

Using SBD fusion with GFP has shown a remarkable

fluorescence in the peel, xylem and parenchyma starch storing cells of cassava roots (Fig.
IIIB-3A). The GFP was associated with starch granules that were purified and examined
using a GFP filter (Fig. IIIB-3C), after eliminating the starch natural emitted signal at λ
830 nm. Harvested transgenic cassava did not show a significant difference in height
(Fig. IIIB-4A), but its dry matter was obviously reduced when compared to nontransgenic cassava (Fig. IIIB-4B). Dry matter reduction in transgenic cassava correlated
negatively with the total protein content in the storage roots as shown in figure IIIB-3B.
Detailed investigations, using SEM, have shown that transgenic cassava expressing SBDfusion proteins had irregular starch granules (Fig. IIIB5E – IIIB-5H) holes and punctures
were seen in these plants that were not found in GFP or erGFP transgenic cassava,
indicating that SBD- fusion proteins had a direct affect on the starch granule morphology
as shown in figures IIIB-5A – IIIB-5H. Furthermore, starch granule size was different in
SBD- transgenics (Fig. IIIB-5I). Small size granules were dominant in plants expressing
the SBD- fusion proteins with either constitutive or root specific expression as shown in
figure IIIB-5I. These microscopy results suggest that the difference observed in dry
matter content of transgenic cassava roots, shown in figure IIIB-4B, is due to the altered
starch granule size and morphology (Fig. IIIB-5). Since the size and morphology of
starch granules are altered, exploring the chemical and biophysical characteristics such as
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chemical structure, crystallization, melting temperature, gelatinization and viscosity
requires further investigations in future studies. Despite the fact that starch granules are
altered, the reported transgenic cassava in this study illustrates the feasibility of protein
enhancement in cassava storage roots using starch granules as target structures to store
and accumulate proteins, suggesting that this protein rich cassava with altered starch
could find uses in starch industry that would help the African economy.
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Materials and methods

Binary vector construction. The starch-binding domain (SBD) gene was amplified
from its original vector, generously provided by Dr. Richard Visser (Ji, et al., 2003),
using primers SBD-F: 5`-TATAGATCTATGGGAGACCAGGTCAGCG-3` and SBD-R:
5`-ATATCTAGATGGCTGCCAATTCACGTTAATGG-3`, containing restriction sites
for BglII and XbaI within its design. The PCR product was ligated to the corresponding
cloning sites in pMON999 shuttle vector (Monsanto), downstream to either CaMV-35S
or patatin promoters. On the other hand, GFP was amplified using primers GFP-F: 5`TATCTAGAGCGCTAGAGTCGACCT-3`

and

GFP-R:

5`-

TATGGATCCAGTTTGTTTCACT-3`, sporamin was also amplified using 5`TATCTAGAATGAAAGCCTTCACACTCGCTCTC-3` and
5`- AAGGATCCAATTGGTACCACACATCGGTAGG-3`, containing XbaI and BamHI
restriction sites within their primer designs. The GFP and sporamin amplified genes were
cloned downstream to the SBD region. The cassettes containing pPatatin:GFP:tNOS,
p35S:GFP:tNOS and pPatatin:sporamin:tNOS were excised and ligated to the SmaI
cloning site in pCambia2300 vector

,

(http://www.cambia.org/daisy/bioforge_legacy/3724.html).

Generated binary vectors

were given pILTAB numbers as the following: patatin:SBD:GFP (pILTAB-809),
35S:SBD:GFP

(pILTAB-810),

35S:SBD:sporamin (pILTAB-814).

patatin:SBD:sporamin

(pILTAB-813)

and

Soluble CaMV35S:GFP (pILTAB-GFP) and

endoplasmic reticulum targeted CaMV35S:erGFP (pILTAB-erGFP) constructs, derived
by the patatin promoter, were used as controls (Fig. IIIB-1A).
Cassava transformation and transgene selection. The pILTAB-809, -810, -813 and 814 plasmids (Fig. IIIB-1A) were introduced to Agrobacterium tumefaciens strain
LBA4404 by electroporation, Agrobacterium containing pILTAB-GFP, pILTAB-erGFP
and pCambia2300 empty vector controls were used to genetically transform cassava
friable embryogenic callus (FEC) of the West African cultivar 60444 (Schreuder, et al.,
2001). Transformed cells were recovered, and plants regenerated on selection media,
propagated and sampled for DNA and RNA analysis. DNA was extracted from leaves of
in vitro plants according to the Dellaporta method (Dellaporta, et al., 1983) and used for
PCR with the corresponding primer set for each gene and RNA was extracted from the
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same transgenic events using Trizol reagent (Invitrogen) according to the manufacturer’s
instructions. Positive transcription was analyzed by northern dot-blots; 5 µg of RNA was
blotted on Hybond Nylon membranes (GE Amersham) and hybridized with NPT-II nonradioactively labeled probe, using AlkPhos labeling kit (GE Amersham). First strand
cDNA was generated using the Superscript II system (Invitrogen) from 1 µg of RNA
template.

Seven transgenic events with positive PCR and high RNA levels were

propagated from each line and transferred to 7 cm soil pots and grown at DDPSC
greenhouse.
Greenhouse growth conditions . Supplemental lighting was provided for 14 hours daily
with 1000 W metal halide fixtures.

Artificial lights provided an average

photosynthetically active radiation (PAR) of 250 µmol m-2 s1.

Temperature was

maintained at 28°C during the day and 25°C at night. Fertilizer was applied at 200 ppm
N, three times per week using Jack’s 15-16-17 Peat Lite and once a week with Jack’s 155-15 Cal-Mag.
Protein extraction and western blots. Transgenic cassava and the experiment controls
were harvested after 6 months of growth in the greenhouse. Samples of cassava storage
roots were peeled, washed and lyophilized for to analyze its protein content, where 100
mg of cassava flour were placed in 1 ml extraction buffer, as described by Maineiri, et
al., (2004), containing 5% 2-βME and a ceramic bead. Tissues were disrupted using
Fastprep machine (MP Bio) and transferred to a new tube then sonicated, boiled for 5
minutes and centrifuged for 10 min at 14,000g. Supernatants were used to quantify the
protein content using Bradford assay (Bradford, 1976). Equal amounts of protein extract
were loaded on 12% SDS-PAGE and separated by electrophoresis.

Proteins were

transferred from gels onto nitrocellulose membranes for western analysis, where primary
anti-GFP antibodies were used after blocking the membranes with 5% skimmed milk in
TTBS buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween 20), and HRP
secondary anti-bodies were used for subsequent quantification after hybridization and
film development using ImageQuant software (GE Amersham).
Fluorescent and scanning electron microscopy. Cross sections (2-5 mm thick) from 6
months old transgenic cassava storage roots expressing GFP, erGFP or SBD-GFP along
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with non-transgenic roots were prepared for GFP detection in roots using Nikon
dissecting microscope with GFP filter. Furthermore, sections were treated with cell wall
lysing enzyme Drisalase (Sigma) in TBS buffer and washed five times then cells were
spread on glass slides for visualizing under Nikon Eclipse E-800 C1 microscope with a
GFP filter under 100ms exposure time.
Lyophilized cassava flour was used for scanning electron microscopy (SEM),
where a 100 mg of cassava flour was washed and centrifuged 3 times using TBS buffer
and finally mixed with 500 µl of distilled water and 10 µl was spread on 1 cm2
nitrocellulose paper. Air-dried cassava flour was inserted into Hitachi TM-1000 tabletop
SEM and visualized. Transgenic cassava flour was compared to non-transgenic cv.
60444 and starch granules size was measured by the Hitachi SEM operating software,
where 50 granules were measured in triplicates for each transgenic line along with the
controls.
Determination of cyanogenic content. Cassava leaf and root samples were collected
from transgenic and non-transgenic plants at six months of age growing in 7 cm pots in
the greenhouse, 100 mg fresh tissue were grinded in a closed tube containing 1 ml TBS
buffer and a ceramic bead using a FastPrep machine (MP Bio). Tubes were incubated for
10 min at room temperature then placed in 50 ml closed tubes containing 9 ml of 5 M
NaOH. Content of cyanogenic compounds was measured using Orion CN-sensitive
electrode (Thermo-Scientific) after preparing a standard curve of KCN. The electrode
sensitivity was evaluated by measuring the HCN captured in 5 M NaOH from βglucosidase activity on known concentrations of pure linamarin purchased from (Sigma)
and processed in the same way.
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Chapter IV
Indirect protein enhancement through biochemical
pathway modification: Enhancement of β -carotene
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Abstract

Cassava is the major diet for people living in Africa and tropical regions in the
world, rich in starch but devoid of protein and vitamins. Malnutrition and vitamin
deficiency reports are focused in areas where cassava is the only source of calories.
Improving the nutritional qualities of cassava will in part depend on understanding the
genetic and metabolic characteristics of this crop. Our goal here is to improve the
nutritional qualities of cassava storage roots for two traits, the pro-vitamin A as well as
the total protein content, by modifying its carotenoids metabolic pathways. I present an
alternative method of improving protein and pro-vitamin A content in this crop and we
also measure some of the biochemical changes induced in the cassava plant.
Transgenic cassava expressing carotenoids pathway enzymes in its storage roots
are able to accumulate β-carotene as well as protein.

The accumulated β-carotene

molecule activates functional and structural genes in the plastid to help in the process of
chromoplast development and maturation. The expression of protein bodies in its storage
roots creates a nitrogen sink, which will induce other biochemical changes. Microarray
data have shown that carotenoid and protein enhanced cassava has major gene expression
changes in some of its biochemical pathways. Among differentially expressed genes are
protein folding chaperones and membrane ion-bound proteins. Metabolic studies showed
that nitrogen metabolism is changed in transgenic plants and microelement analysis
results confirmed the microarray data. In addition biological tests have shown that
transgenic cassava plants expressing the dual trait β-carotene and proteins, had a different
response to pathogens.
Transforming cassava from a starchy root crop to a protein-rich root crop can be
achieved directly by expressing a storage protein or indirectly by modifying one of its
metabolic pathways. Each way has its own impact on the whole expression profile in
cassava, through activating and inhibiting genes or redirecting metabolites from one
pathway to another. The combination of both traits in the same storage root amplifies the
effect of each trait on the transcriptomic and metabolic levels. Microarray technology
can be used to measure and identify these effects, but further genetic and metabolic
analyses are required to confirm the microarray results. Our results demonstrate that the
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nutritionally poor cassava storage roots are rich in genetic resources, and the information
generated in this study can be helpful in cassava biofortification research.
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Introduction

Cassava (Manihot esculenta Crantz.), a major staple food crop in Africa, is
considered one of the most important energy sources in the diet of tropical countries
around the world (Tonukari, 2004). While cassava leaves are rich in proteins, vitamins
and minerals (Awoyinka, et al., 1995), the calorie dense storage roots are devoid in these
compounds (Tonukari, 2004). Cassava proteome studies have shown that the storage
roots of cassava possess a variety of functional proteins in low quantities (Sheffield, et
al., 2006), which has a biological value comparable to rice proteins (Nassar, et al., 2009).
Unfortunately, cassava as a diet, does not meet the minimum nutritional requirements for
a 5-year-old child (Geglos, et al., 2010). Along with low protein, vitamin A deficiency
amplifies the malnutrition problem facing those who depend on cassava as their main diet
(Welsch, et al., 2010), which together leads to inadequate nutrient intake (Geglos, et al.,
2010).
Previous studies attempting to increase the protein content in cassava storage
roots, using genetic transformation, have demonstrated that constitutive direct protein
expression is not a promising strategy to increase the total protein content in cassava
storage roots (Zhang, et al., 2003). Other studies, concerned in cassava breeding, have
shown that improving pro-vitamin A content (β-carotenes) leads to amino acid
enhancement in the storage roots of cassava hybrids (Nassar, et al., 2009). Although the
nature of this relationship between β-carotenes and amino acids is unclear in cassava,
chromoplast proteomic studies, in bell pepper (Capsicum annuum L.), have shown that βcarotene accumulation activates a series of functional and structural plastid proteins that
help in chromoplasts maturation and development (Siddique, et al., 2006). Furthermore,
the β-carotene molecule is considered an essential component in regulating many
biochemical and metabolic pathways in plant cells (Fujisawa, et al., 2009). The use of
the Euphorbiacea microarray chip, representing more than 23,000 unigenes, including
9,000 cassava genes (Anderson, et al., 2007), complemented by the genome sequence of
cassava (http://www.phytozome.net/cassava), allows the in-depth study of biochemical
and interconnected-metabolic pathways in cassava (Welsch, et al., 2010). It has been
shown that β-carotene biosynthesis in cassava is limited by the transcription level of
phytoene synthase 1 (psy1) (Welsch, et al., 2010), the first enzyme in the pathway.
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Breeding programs were successful in improving the β-carotene content in cassava
hybrids (Nassar, et al., 2009) but faced great difficulties to maintain this trait through
generations due to the heterozygous nature of cassava (Rojas, et al., 2009).

On a

biotechnological level, it has been suggested that β-carotene enhancement in crop plants
requires more than one enzyme to achieve high levels of pro-vitamin A (Ye, et al., 2000).
The expression of the bacterial phytoene synthase (CrtB), along with phytoene desaturase
(CrtI) and beta-Cyclase (CrtY) from Erwinia, were shown to be necessary to achieve high
levels of β-carotene in potato tubers (Diretto, et al., 2007).
The main goal of this study is to increase the total protein content in cassava
storage roots. We hypothesize that high β-carotene levels in cassava storage roots will
activate structural and functional genes, leading to chromoplast maturation and as a
consequence, the total protein content in cassava storage roots may change significantly.
Therefore, we have expressed the upstream catalyst enzyme of pyrophosphate pathway,
Deoxyxylulose-5-phosphate synthase (DXP synthase) gene (dxs) from Arabidopsis
thaliana (Estevez, et al., 2001), along with crtB from Erwinia uredovora (Ye, et al.,
2000) into the cassava cultivar 60444 (Schreuder, et al., 2001). In the same time, I
produced transgenic cassava plants expressing protein bodies in their storage roots and
achieved high levels in protein content (Abhary, et al., 2010). Then I stacked a protein
body forming storage protein (PBSV-I Sporamin) along with the β-carotene enhancing
construct to balance the nutritional profile of cassava storage roots. My results have
demonstrated that β-carotenes alone were able to increase the total protein content in
cassava roots by 1.6-fold greater than controls, reaching 4.5% total protein content, while
expressing a storage protein along with β-carotene enhancement genes raised the total
protein content up to 11.21%, more than a 4-fold increase in total protein.

The

biochemical metabolic pathways changes were investigated by generating cDNA
microarrays from the transgenic cassava plants.

I found that 630 genes were

differentially regulated, controlling a network of interconnected-metabolic pathways in
cassava. Changes in gene expression, plant physiology and metabolic pathways and their
impact on cassava physiology are studied and discussed.
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Results

Transgenic cassava expressing dxs, crtB and PBSV-I sporamin has elevated levels of
protein, β -carotene, and total amino acids, and has less HCN content
Cassava plants were transformed with the constructs pILTAB770 (PBSV-I
Sporamin), pILTAB746 (dxs, crtB) and pILTAB768 (dxs, crtB and sporamin), shown in
figure IV-1A to enhance separately or together the levels of β-carotenes and proteins in
cassava cultivar 60444. Two hundred and thirty plants from a total of 250 generated
transgenic events showed positive DNA insertion for each construct 50 plants were tested
for RNA expression (Fig. IV-1B). Seven transgenic cassava lines were selected having
low, moderate or high expression levels of the genes in pILTAB768 (with 1-2 integrated
copies of the T-DNA), were transferred to soil, along with three pILTAB770 and three
pILTAB746 transgenic lines. The non-transgenic background, cassava 60444, was used
as a control for this study. A clone of each transgenic line was propagated and shipped
for the field trial in Puerto Rico.
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Figure IV-1: Cassava transformation vectors and selection of transgenic events expressing crtB,
dxs, and PBSV-1. (A) The T-DNA used to transform cassava cv. 60444. All binary vectors are
constructed in a pCambia2300 background, containing left border (LB), CaMV35S promoter driving
kanamycin resistance (NPTII), Tnos terminator, and a right border (RB). The pILTAB770 contains
patatin promoter driving PBSV-I sporamin, pILTAB746 contains patatin promoter driving crtB gene
followed by another patatin driving dxs gene. The pILTAB768 contains crtB, dxs, and PBSV-I
sporamin genes, all derived by patatin promoters. (B) Selection of transgenic cassava events. DNA dot
blot of in vitro transgenic cassava plantlets transformed with pILTAB768 construct (right panel). Three
dots from each transgenic line containing 1 µg DNA were blotted on three membranes and separately
hybridized with three non-radioactively labeled probes (crtB, dxs and sporamin). A reversetranscription (RT-PCR) of 10 transgenic lines (left panel), which showed positive DNA insertion, and a
control of α-tubulin genes, amplified using primers sets for crtB, dxs and sporamin. One µg of RNA
was used for the RT-PCR using superscript II kit (invitrogen) as detailed in materials & methods.
Transgenic lines that showed positive DNA and transcript RNA were propagated and transferred to 7
cm pots in soil and the same lines were also shipped for the field trial evaluation.
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After 6 months of growth in the greenhouse, and 9 months in the field, the pILTAB746
and pILTAB768 transgenic plants developed a yellow-orange color in their roots (Fig.
2A and 2B), indicating that transgenic plants had higher β-carotene content than nontransgenic controls. Transgenic cassava lines transformed with pILTAB770 construct,
expressing PBSV-I sporamin, were able to accumulate protein in their storage roots up to
10.48 % dw, while pILTAB746 β-carotene enhanced transgenics had 4.50% dw, a 1.6fold increase in total protein when compared to non-transgenic controls (Fig. IV-2C).
The pILTAB768 transgenic plants were able to accumulate protein up to 11.21% dw, as
shown in figure 2C along with 38.89 µg/g (dw) of β-carotene in the same transgenic line
pILTAB768-001 (Fig. IV-2D). The highest β-carotene level was seen in pILTAB768006, containing 47.48 µg/g of β-carotene (dw), more than 15-fold greater than nontransgenic cassava 60444 (Fig. IV-2D).
All transgenic lines had reduced HCN levels; β-carotene enhanced plants had an
average of 22.5% reduction in leaves and 12.5% in roots (Fig. IV-2E and -2F), the
protein plants had an average of 42% reduction in leaves and 50% reduction in roots,
while the dual trait transgenic plants, with β-carotene and protein, had an average of 44%
reduction in leaves and 40% reduction in roots (Fig. IV-2E and -2F).
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Figure IV-2: Transgenic cassava expressing CrtB, DXS, and PBSV-I sporamin has elevated
carotenoids and protein levels and has less HCN content. (A) Cross sections of 6-months-old
cassava storage roots from plants grown in the greenhouse showing coloration due to carotenoids. Bars
= 1 cm. (B) Chopped cassava storage roots from 7½-month-old plants grown in field showing the
difference in color between the pILTAB768-006 transgenic line and the non-transgenic 60444
background. The lower images show the flour of the chopped roots. (C) Protein content in transgenic
cassava transformed with pILTAB746 (orange bars), pILTAB770 (blue bars), and pILTAB768 (red
bars) compared to the non-transgenic cassava background (green bar). Total protein content is
quantified from the storage roots of 7½-month-old plants grown in field, using Bradford assay. (D)
Total carotenoid content in 7½-month-old storage roots of cassava grown in field compared to the nontransgenic cassava cv. 60444. Carotenoids levels are measured by spectrophotometer as detailed in
materials & methods. (E - F) Total HCN content in leaves (E) and roots (F) of the 7½-month-old
transgenic cassava lines grown in the field compared to the non-transgenic cassava cv. 60444. HCN is
measured using Orion sensitive CN electrode as detailed in Materials & Methods. Statistical analysis
performed using GraphPrism software; N = 3, ** = significant (alpha = 0.05), Discrepancy; a = <0.5, b
=>0.5 .
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The total amino acid profile of β-carotene enhanced transgenic cassava roots,
pILTAB746, showed an overall increase in amino acids from 3.91% (W/W%) to 4.03%
(W/W%), with 15 out of 19 measured amino acids being higher than the control (Fig. IV3A).

Essential amino acids (His, Leu, Ile, Lys, Met, Phe, Thr, and Val) were all

increased except Trp, and sulfur-containing amino acids, Cys and Met, were increased by
40% and 43%, respectively (Fig. IV-3A).
Agronomical characteristics of transgenic cassava
In the field experiment, transgenic cassava expressing either PBSV-I Sporamin
alone or the dual construct of PBSV-I Sporamin and the β-carotene genes, showed some
differences in root number and yield weight (Fig. IV-3B and -3C). The number of
harvested roots from PBSV-I sporamin transgenic cassava was higher than the number of
harvested control roots and also higher than the number of roots harvested from the βcarotene enhanced plants (Fig. IV-3B). Transgenic cassava accumulating protein and βcarotene, together, had 3 lines showing higher root numbers than the control and higher
than any of the individually, protein or β-carotene, transformed cassava plants, while the
other 4 lines did not show differences from control plants (Fig IV-3B). On the other
hand, the weight of harvested roots from protein accumulating transgenic plants showed
that one line had less weight than the control, and also showed that the dual trait
transgenic plants had two lines with more weight than the control plants (Fig. IV-3C).
Although these differences between lines, in root number and weight, are statistically
insignificant, it still suggests that the inserted genes had affected the size of transgenic
cassava storage roots.
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Figure IV-3: Transgenic cassava with enhanced carotenoids and protein has higher harvest index
and improved amino acid profile. (A) Total amino acid profile in transgenic pILTAB746 cassava
compared to the 60444 non-transgenic background, showing 15 out of 19 measured amino acids to be
higher in pILTAB746 plants and 4 amino acids lower than controls. Essential amino acids are all
elevated except typtophane, and the sulfur-containing amino acids, methionine and cysteine, are
increased by 2.3 and 1.6-folds higher than non-transgenic cassava, respectively. (B) Total number of
roots harvested from the field trial plants; pILTAB746 transgenic plants (orange bars), pILTAB770
(blue bars), and pILTAB768 transgenics (red bars) compared to non-transgenic cassava (green bar). The
total number of roots in each line represents 3 experimental replicates, each replicate containing 8
plants. (C) Harvest yield of transgenic plants grown in field for 7½ months calculated in tones per
hectare for each line and compared to the non-transgenic cassava cv. 60444 background. (D) Harvest
index for the transgenic plants grown in field for 7½ months, calculated by assessing the proportion of
root fresh weight as a ratio from the total fresh weight of the plant. (E) Dry matter content in transgenic
lines accumulating carotenoids or/and protein, grown in the field for 7½ months, compared to nontransgenics. The percentage of dry mater calculations is detailed in materials & methods, showing that
carotenoid accumulation reduces the dry matter content, compared to non-transgenics. Number of
repeats = 3.
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The harvest index calculations showed a +7% difference between dual trait plants (βcarotene and protein) and non-transgenic controls (Fig. IV-3D) the transgenic plants
expressing both traits had a higher ratio of root weight over the whole plant weight than
non-transgenic control plants. The dry matter content in β-carotene transgenic plants was
lower than non-transgenic control plants (Fig. IV-3E); the line 746-003 had 20 %
reduction in dry matter when compared to non-transgenic cassava, which contained
25.4% dry matter. While the transgenic plants transformed to accumulate more protein
did not show differences in dry matter content, when compared to the control nontransgenic plants, the high β-carotene accumulating lines, with a medium protein content
(between 4% and 8%), showed less dry matter content, the high β-carotene and high
protein accumulating line pILTAB768-001 did not show a difference in dry matter
content compared to the non-transgenic control (Fig. IV-3E).
Microarray analysis of enhanced β -carotene and protein transgenics
The differences in root number, weight, and dry matter content (Fig. IV-3B to -3E)
suggests that β-carotene and protein accumulations had a pleiotropic effect on the whole
plant. To determine the general effect on gene expression in transgenic cassava, the
microarray technology was used.

Among the 23,000 ORFs represented on the

Euphorbiaceae microarray chip, 630 spots exhibited intensities over the cut-off value
where p-value was less than 0.05. 162 genes were up-regulated and 468 genes were
down-regulated in pILTAB768-001 transgenic cassava storage roots. Among the 162 upregulated genes, 54 genes belonged to unidentified protein hits, and among the downregulated genes, 194 genes were similar to unidentified proteins. The annotated genes
that were differentially regulated more than 2-folds greater than the non-transgenic
control are shown in table IV-1.
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Table IV-1: Differentially expressed genes with p-value less than 0.05 and more than 2folds difference than non-transgenic cassava.

Up

Fold

Gene

Organism

GB Acc #

10.23

Glycoside hydrolase

cassava

DV447956

9.41

Aspartyl protease

leafy spurge

DV155882

5.86

ATP-dependent RNA helicase pitchoune

leafy spurge

DV114055

leafy spurge

DV129909

4.06

bridging subunit (eIF- 4G)

3.38

Predicted metal-binding protein

leafy spurge

DV152608

3.06

Plastid capsid protein

leafy spurge

DV131200

leafy spurge

DV146233

2.11

Down

Translation initiation factor 4F, ribosome/mRNA-

4-alpha-glucanotransferase involved in glycogen
metabolism. glycoside hydrolase family 77 protein,

2.02

Nitrate transport

cassava

DV447441

260.3

Regulator of sucrose inducible TF

leafy spurge

DV148704

66.85

Putative ascorbate peroxidase

leafy spurge

DV133890

12.21

Transcription factor GT-2

leafy spurge

DV140891

10.17

Receptor kinase

leafy spurge

DV124545

10.09

Nucleotide-sugar transporter VRG4/SQV-7

leafy spurge

DV144066

9.53

Putative outer membrane protein

leafy spurge

DV143800

leafy spurge

DV117988

7.92

Chloroplast CCAAT-binding factor, subunit B
(HAP2)

7.18

ATP-dependent peptidase/ ATPase/ metallopeptidase

leafy spurge

DV141097

7.11

Transcription factor

leafy spurge

DV134181
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Table IV-1 Cont.
Fold

Gene

Organism

GB Acc #

5.43

Lipase class 3 family protein

cassava

DV458125

4.83

Regulator of nuclear mRNA

leafy spurge

DV131541

4.83

FOG: Reverse transcriptase

leafy spurge

DV134041

4.66

Microtubule-based movement

leafy spurge

DV143815

4.50

Transcription inhibitor

leafy spurge

DV122805

4.37

ABA hypersensitive 1

leafy spurge

DV124203

4.05

K+/H+ antiporter

leafy spurge

DV126043

3.88

Enoyl-CoA hydratase/isomerase

leafy spurge

DV128618

3.74

Wax synthesis protein

leafy spurge

DV127989

3.70

Metallothionein 2A

leafy spurge

DV134050

3.55

Receptor-like protein kinase

leafy spurge

DV134317

3.53

Malate permease

leafy spurge

DV140952

3.44

RNA pseudouridylate synthases

leafy spurge

DV123741

2.99

E3 ubiquitin ligase

leafy spurge

DV156579

2.95

24-sterol C-methyltransferase 1

cassava

DV445175

2.56

Actin regulatory proteins (gelsolin/villin family)

leafy spurge

DV140801

2.54

Glycosyltransferase

leafy spurge

DV141132

2.38

Subunit of the major N alpha-acetyltransferase

leafy spurge

DV121581

2.36

Carbohydrate transport and metabolism

cassava

DV445348

2.20

Glutamine synthetase

leafy spurge

DV134002

2.11

Galactinol synthase

leafy spurge

DV141493

2.08

Hydroxyacylglutathione hydrolase

leafy spurge

DV129295

2.00

Alanine ATases

leafy spurge

DV140665

Genes that were up-regulated by less than 2-fold included the ER folding chaperone
(BiP), membrane associated proteins (such as membrane channels, transporters and
ATPase pumps for nucleus and mitochondrial membranes), ion-binding proteins,
transcription regulators, ribosomal subunits, plant defense proteins (such as the NBSLRR resistance proteins), membrane transport channel proteins, starch synthesis
enzymes, carotenoids synthesis enzymes and many genes involved in metabolism of
amino acids. One the other hand, down-regulated genes with less than 2-folds expression
compared to the non-transgenic 60444 storage roots included transcription regulators,
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membrane proteins, ubiquitination proteins, vesicle transport proteins and many genes
involved in diverse metabolic activities.

To understand the direct effect of the

differentially expressed genes on the physiology of cassava, genes were sorted according
to their functional categories (Fig. IV-4A). The majority of unidentified genes were
down-regulated, while more than 40% of carotenoids pathway genes are up-regulated and
no one down-regulated gene was detected. In addition, 20.71% of genes involved in cells
energy were up regulated and 2.1% down regulated (Fig. IV-4A). The major cellular
functions that were affected, according to the microarray data, include cell signaling
genes, plasma membrane proteins, carotenoids biosynthesis, and transport mechanisms,
indicating that global expression changes in transgenic cassava resulted from the
carotenoids and proteins accumulation. Moreover, the differentially expressed genes
were linked according to their known interaction behavior in cellular metabolic or
signaling pathways (Fig. IV-4B). Transcription factors, being up or down-regulated,
affect the expression of many other genes, which can alter a complete pathway or affect
the whole plant physiology. For example, the up-regulation of the cytokinin synthase,
according to the microarray data, has affected a network of 61 other genes (Fig. IV-4B);
including the photomorphogenesis hy5 gene, the transcription arr regulators, the
peroxisome biogenesis pas1 gene, and many other regulatory genes.
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Figure IV-4: Global gene expression in transgenic cassava transformed with pILTAB768
construct compared to non-transgenic cassava 60444. (A) Functional distribution analysis of
differentially expressed genes, with likely Arabidopsis counterparts, using MIPS
(http://mips.gsf.de/proj/funcatDB/search_main_frame.html). The chart shows the percentage of genes
that are up or down regulated in groups related to a cellular function. (B) Sub network analysis, using
the ARIADNE pathway studio, identifying transcription factors that likely play a role in regulating the
differentially expressed genes. The illustrated pathway shows the relationship between the up regulated
cytokinin and other differentially expressed genes in the microarray. Up regulation (green arrows),
down regulation (red arrows), and unchanged expression (gray arrows).
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The plastids in transgenic cassava have more functional and structural proteins up
regulated
To validate the microarray data, protein gels and cDNAs were generated from the
same tissues used for the microarray and from the transgenic plants that were transformed
with a storage protein or β-carotene genes, to study the effect of each trait on cassava.
Crude protein extracts from transgenic cassava storage roots showed a different
composition for each transgene when bands were separated on SDS-PAGE as shown in
figure IV-5A. Protein bands that represented PBSV-I sporamin protein were detected by
western blots using anti-γ zein antibodies, showing that transgenic cassava transformed
with pILTAB770 and pILTAB768 were expressing the PBSV-I sporamin fusion protein
(Fig. 5A). Other protein bands are difficult to identify without a 2-D gel analysis, I
therefore studied the genes that showed a significant up-regulation, according to the
microarray data, and investigated their transcript level in the three categories of plants to
study the source of variation between transgenes shown in figure IV-5A.

Reverse

transcription of plastid structural protein transcripts (Capsin, Fibrillin, and Phytoferritin),
from the β-carotene enhanced cassava storage roots (pILTAB746-001), have shown that
the mRNA transcript levels of these proteins were higher than non-transgenic cassava
plants (Fig. IV-5B), indicating that plastid structural differences might exist between
pILTAB746 transformed cassava and non-transgenic control.
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Figure IV-5: Plastid structural and functional genes. (A) SDS-PAGE of total protein extract
from 60444 (non-transgenic control), 746-001 (β-carotene enhanced cassava), 770-006 (protein
enhanced cassava), and 768-006 (β-carotene and protein enhanced cassava). The gel shows the
different protein content in each transgenic event line after separation on a denaturing gel. (B)
Schematic representation of carotenoids storage in chromoplasts (Left), RT-PCR of plastids
structural genes; fibrillin, capsin, and phytoferritin, with α-tubulin as a control. cDNA is generated
from 1µg of 60444 (non-transgenic control) and 746-001 (β-carotene accumulating line). (C) RTPCR of carotenoids pathway genes (left) and a schematic representation of the carotenoids pathway
(right).
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Furthermore, plastid’s functional gene transcripts, such as the carotenoids pathway genes
(psy1, pds, zcd and lcyb), were higher in the transgenic pILTAB746 cassava plants (Fig.
IV-5C).

To test whether the storage root plastids had actual structural differences

between transgenic and non-transgenic cassava, we examined cassava root cells under the
electron microscope (Fig. IV-6).

Figure IV-6: Plastids and pro-plastids in transgenic cassava. Transmission electron microscopy
of cassava storage root cells showing the plastid and pro-plastid structure. On the left, the proplastids of non-transgenic cassava 60444, the images on the right side are the plastids of transgenic
cassava expressing the β-carotene enhancement genes.
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Prepared microscopy mesh-grid samples were counted for containing plastids; each
plastid was scanned for its phytoferretin content. Microscopy results showed that the
plastids of transgenic cassava contained 1.73% more phytoferritin protein in all sections
containing plastids and also showed 2.2 times more plastids in all examined microscope
sections, suggesting that increased levels of β-carotene in cassava leads to plastid
development and maturation.
Reverse transcription and RNA expression levels
Plastid functional and structural genes, shown in figure IV-5B and -5C, cannot
represent all the differences seen in protein gels shown in figure IV-5A. The β-carotene
molecule is not the only change in transgenic cassava storage root cells, expressing
PBSV-I sporamin storage protein, which is targeted to the ER, also caused changes.
Folding chaperones in the ER, membrane ion-channels and protein-vesicle transport
proteins were also differentially regulated, as the microarray data have suggested (Table
IV-1 & Fig. IV-4). To validate this, northern dot blots of protein expression related genes
were conducted (Fig. IV-7A) the ER-BiP chaperone expression levels showed a 2-fold
increase over non-transgenic plants and pILTAB746 transgenic plants (Fig. IV-7B),
while the hsp70 was 1.5-fold more than the control in all the transgenic plants (Fig. IV7C). In addition, membranous ion-binding proteins (Lac5 for Cu and AtFro6 for Fe) also
showed increased transcript levels over the non-transgenic control plants (Fig. IV-7D and
-7E), suggesting that the transgenic plants may contain a different element composition
profile. The clathrin vesicle transport protein, which is a membrane-bound protein,
facilitates the movement of vesicles in the cytoplasm (Wakeham, et al., 2003).
Transgenic cassava with enhanced β-carotene levels showed increased levels of the
clathrin-vesicle transport protein, when compared to non-transgenic cassava, but
pILTAB770 and pILTAB768 showed lower transcript levels of this protein (Fig. IV-7F).
Another gene that affect the vesicle movement in the cell is the actin pro7 protein, the
transcript levels of actin-related pro7 protein in transgenic plants (pILTAB770 and
pILTAB768) was lower that non-transgenic 60444 cassava (Fig, IV-7G). The ion-bound
proteins and vesicle transport proteins were obviously affected by the protein
accumulation more than β-carotene accumulation as shown in figure IV-7D to -7G,
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suggesting that the transgenic plants, transformed with PBSV-I sporamin, are using the
majority of its vesicles for protein storage. This suggestion requires more investigations.

Figure IV-7: Northern dot blot of differentially expressed genes. (A) RNA dot-blot of
transgenic cassava transformed with 746, 770 and 768 construct compared to the control
60444. One µg of RNA from 6-months old greenhouse grown plants is blotted on Hybond
membrane and hybridized with non-radioactively labeled oligo-probes for BiP (B), HSP70
(C), Lac5 (D), AtFro6 (E), Clathrin vesicle protein (F), and Actin-related pro7 (G). Charts
represent the band intensities quantified using ImageQuant software. The charts show the
detected expression level of the genes in (A) in transgenic cassava compared to the nontransgenic control. Statistical analysis performed using GraphPrism software; N = 3, ** =
significant (alpha = 0.05), Discrepancy; a = <0.5, b =>0.5.
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Metabolic activity of transgenic cassava expressing DXP synthase, CrtB and PBSV-I
sporamin proteins
The differential regulation of ER resident proteins, vesicle transport and ionbinding proteins (Fig. IV-7) is believed to affect cassava cell’s metabolic activity and
micro-element composition (Rus, et al., 2006). Therefore, we examined some of the
metabolic activities, which the microarray data have suggested to be changed, to explore
some of the pleiotropic changes in cassava and try to explain the protein increase in the
transgenic plants.
The microarray data have suggested that the nitrate reductase (NR) is up-regulated
and the glutamine synthase (GS) is down-regulated in transgenic plants transformed with
pILTAB768. Measuring enzyme activities in the transgenic plants have shown that the
nitrogen assimilation process was significantly affected in transgenic cassava roots and
leaves (Fig. IV-8B and -8C). Transgenic cassava had more NR activity, having the
ability to convert 8.76 µM of NO3 to NH4 in one hour / one gram of fresh weight cassava
sample (µM/hr/gfw) for pILTAB768 transgenic plant roots compared with 6.96
µM/hr/gfw in non-transgenic control (+26% increase) (Fig. IV-8B). The leaf NR activity
in pILTAB768 transgenic cassava had 33.05 µM/hr/gfw activity, 100% increase in
activity when compared to the 16.7 µM/hr/gfw in the 60444 control plants (Fig. IV-8C).
The glutamine synthase (GS) enzyme had similar increase in activity in leaves but not in
roots, where its activity was reduced from 9.21 µM/hr/gfw in the control plants to 7.14
µM/hr/gfw in pILTAB768 transgenic cassava as shown in figure IV-8B. In addition to
nitrogen metabolism, plant hormone levels were affected; Abscisic acid (ABA)
measurements showed that pILTAB746 transgenic plants had increased levels of ABA in
roots and decreased levels in leaves (Fig. IV-8D and -8E). The other transgenic plants
did not show any significant change in leaves but their roots had increased levels of ABA
when compared to the non-transgenic 60444 control. Salicylic acid (SA) levels were
lower in both leaves and roots of pILTAB770 and pILTAB768 transgenic plants, while
the pILTAB746 roots had higher levels of SA than non-transgenic control, although
leaves were lower in SA levels, as shown in figure IV-8F and -8G.
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Figure IV-8: Nitrogen metabolism and hormone levels in transgenic cassava (A) Schematic pathway of the
nitrogen metabolism and the conversion of NO3 to amino acids. (B & C) The enzymatic activity if nitrate
reductase (NR), glutamine synthase (GS), glutamate synthase (GOGAT), and the glutamate dehydrogenase
(GDH) in transgenic cassava 746, 770, and 768 compared to the non-transgenic 60444 control, in roots (B) and
leaves (C). (D) Abscisic acid (ABA) levels in the leaves of transgenic cassava plants measured by LC-MS. (E)
ABA levels in the roots of the same transgenic plants in (D). (F) Salycilic acid (SA) levels in the leaves of
transgenic plants measured by LC-MS. (G) SA levels in the same roots of transgenic cassava as in (F). Statistical
analysis performed using GraphPrism software; N = 3, ** = significant (alpha = 0.05), Discrepancy; a = <0.5, b
=>0.5 .

Physiological acquired pathogen resistance in transgenic cassava
Plant defense genes were up regulated according to the microarray data. To test
whether transgenic plants had actually acquired a pathogen resistance, transgenic cassava
plants were challenged along with the non-transgenic control and a known virus resistant
transgenic cassava (G5), with the African cassava mosaic virus (ACMV).

Visual

symptom scoring showed that non-transgenic 60444 cassava plants were severely
infected, showing a score of 2.5 out of 5, where 0 is symptomless and 5 is dead, while
pILTAB768 transgenic plants had mild viral-infection symptoms with a score of 0.8 (Fig.
IV-9A). To confirm this observation, equal concentrations of isolated plant DNA were
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hybridized with the labeled virus probe (Fig. IV-9B), and blot-signal intensities were
measured using ImageQuant software (GE Amersham).

Results have shown that

transgenic plants transformed with pILTAB768 construct had a 55% lower viral titer than
non-transgenic cassava control, pILTAB770 transgenic plants had 53% less viral DNA
than the control and pILTAB768 contained 47% less viral DNA, compared to the control
(Fig. IV-9C).

These results show that transgenic cassava plants with enhanced β-

carotene and protein had acquired some modest level of resistance to this virus.

Figure IV-9: Transgenic cassava has acquired ACMV resistance. (A) ACMV visual symptom
scoring in the transgenic plants 746, 770, and 768 compared to the non-transgenic 60444 and the
transgenic 576 resistant lines, where 0 = no symptoms and 4 = very severe and 5 = dead plants. (B)
DNA dot-blot hybridization for quantifying viral DNA. 500ng of DNA from transgenic plants are
blotted on Hybond membrane and hybridized with the non-radioactively labeled viral DNA. The top
panel is a serial dilution of the viral DNA. Blot intensities were quantified after film development using
ImageQuant software. (C) ACMV viral DNA blot intensity values of (B) measured by ImageQuant
software. The chart shows that transgenic plants have lower viral DNA than non-transgenic plants.
60444- are the un-challenged controls, 60444+ are the viral challenged control plants. Number of
repeats = 3
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Transgenic cassava has a different element composition
The ion-binding proteins and membrane channels that were differentially expressed
in transgenic cassava, as suggested by the microarray data and confirmed by Northern dot
blot (Fig. IV-7), indicate that the elements composition of transgenic plants is different
than the non-transgenic background. Mineral analysis showed that the storage roots of
transgenic cassava had higher amounts of Fe, Zn, Mn, and Mg (Fig. IV-10). In the field
experiment, the pILTAB768 transgenic plants had more than 40% increased Fe and Zn
levels in its storage roots but not in leaves, while Mg was increased more than 80% in
roots and 18% in the leaves of pILTAB768 transgenic plants as shown in figure IV-10.
Greenhouse grown transgenic plants showed 4- to 5-folds higher amounts of Fe, Zn, and
Mn in its roots than the field grown plants, Mg levels were higher in the roots of field
grown plants except for the pILTAB746 transgenic plants. The mineral composition
variation between the field and greenhouse grown transgenic plants is believed to be the
result of the fertilizer application in the greenhouse.

Figure IV-10: Mineral composition of transgenic cassava plants. Mineral levels in transgenic
cassava leaves and roots, calculated as a fold-increase over the control. Levels of elements in 6-month
old roots grown in the greenhouse (red bars), 7½-month old roots grown in the field (blue bars), and
leaves from transgenic plants grown in the field (green bars), (A) Iron levels in transgenic plants show
that all plants had at least a one-fold increase in Fe, and the greenhouse plants had from 1.7 to 4.3-fold
increase over the wild type. (B) Mg levels in transgenic cassava showing that all plants had at least onefold increase, greenhouse grown plants had between 1 and 3.8-fold more Mg than control roots, while
field grown roots accumulated between 1.3-5.2-fold of Mg over the control (C) Zinc levels showing
that transgenic plants had at least 1.2-fold more Zn than the control roots and the greenhouse grown
plants accumulated 5-fold the Zn over the control. (E) Mn levels show that greenhouse grown plants
accumulated between 2.5 to 4.2-fold of Mn over the control. Statistical analysis performed using
GraphPrism software; N = 3.
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Discussion

The aim of this study is to investigate the possibility of increasing the total protein
content in cassava storage roots by modifying one of its metabolic pathways and to
complement this with a storage protein that further enhance the protein content.
Therefore, I considered the previously reported amino acid increase in β-carotene
enhanced cassava hybrids (Nassar, et al., 2009) and investigated the relationship between

β-carotene and protein increase in the storage roots of cassava. To achieve this, I have
engineered cassava plants to accumulate β-carotene in its storage roots by expressing two
key enzymes in the pathway, CrtB and DXP synthase. The Erwinia crtB gene has been
previously reported to substitute psy1 and psy2 genes in rice (Ye, et al., 2000), potato
(Diretto, et al., 2007) and canola (Ravanello, et al., 2003) to accumulate high β-carotene
levels in plant tissues. Over-expressing the Arabidopsis dxs gene, 1-deoxy-D-xylulose-5phosphate synthase, was shown to be responsible for the carotenoids accumulation in
transgenic Arabidopsis (Estevez, et al., 2001). Moreover, I supplemented the β-carotene
genes with a PB forming storage protein targeted to the storage roots of cassava.
The β -carotene accumulation increases the total protein content in cassava storage
roots but has an effect on dry matter content
In this study, transgenic cassava expressing dxs and crtB genes (pILTAB746) was
able to accumulate β-carotene up to 45.66 µg/g dw, a 15 fold increase, compared to wild
type (Fig. IV-2B). The same transgenic plants accumulated 4.5% protein (dw) in their
storage roots compared to 2.8% dw in non-transgenic control, indicating that the βcarotene accumulation is indeed responsible for the protein increase. Our results have
also shown that the protein increase in β-carotene enhanced plants is associated with a
pleiotropic affect on HCN content, where cyanogens are reduced in both leaves and roots
(Fig. IV-2C), suggesting that nitrogen was redirected from cyanogens biosynthesis to
buildup the proteins demanded in, the β-carotene enhanced, storage roots.

The β-

carotene enhanced transgenic plants had an improved amino acid profile, where all
essential amino acids increased except tryptophan (Fig. IV-2D) although this amino acid
profile is higher than the previously reported improved profile of cassava hybrids
(Nassar, et al., 2009), the nutritional value is still far below satisfactory levels advised by
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the world health organization (Anonymous, 2007). Therefore, a PB forming storage
protein (PBSV-I Sporamin), which has the ability to accumulate in high levels (Chapter
IIIA) and has a high nutritious profile (Xiong, et al., 2009), was stacked along with the βcarotene enhancement genes, in the same construct, to improve the nutritional quality of
cassava storage roots. This strategy provides two forces to enhance the nutritional quality
of cassava storage roots, pushing and pulling, where the carotenoids biosynthetic
pathway is pushed forward to synthesize more β-carotene, nitrogen is pulled down by
creating a strong protein sink in the storage roots of cassava.
The β-carotene-rich transgenic plants grown in the field have shown a reduction in
dry matter content (see transgenic lines 746-001, -002 and -003 in Fig. IV-3D). Previous
reports have shown that β-carotene molecule can cause physiological changes in
transgenic plants (Welsch, et al., 2008), especially when accumulated in high levels
(Fray, et al., 1995; Lindgren, et al., 2003). As a precursor molecule for the ABA
phytohormone (Fray, et al., 1995), β-carotene accumulation in pILTAB746 transgenic
cassava resulted in increasing the ABA level up to 5-fold greater than non-transgenic
cassava, in the storage roots (Fig. IV-8E). Recent studies have shown that the increased
ABA level is associated with abiotic stress responses in cassava (Arango, et al., 2010);
among these responses, osmotic adjustment in leaves and roots was reported (Alves &
Setter, 2003) by controlling minerals concentration and water content. Therefore, the dry
matter content reduction in β-carotene enhanced transgenic cassava (Fig. IV-3E) is
suggested to be a consequence of the aboitic stress response, caused by increased ABA
levels, through increasing the water content in the storage roots. On the other hand, high

β-carotene accumulation along with high protein content in the transgenic cassava line
pILTAB768-001 was not associated with a reduction in the dry matter content (Fig. IV3E) although this observation is interesting, drawing conclusions based on one line is
difficult, therefore, further investigations are required with more lines from this
transgenic event. Previous studies in SA deficient Arabidopsis showed that the low SA
levels result in higher β-carotene and protein content (Abreu & Munne-Bosch, 2008). In
this study, the β-carotene accumulation has affected the levels of SA in the roots and
leaves of transgenic cassava (Fig. IV-8F and -8G). Reduced levels of SA were observed
in all roots of transgenic plants when compared to the non-transgenic control; leaf SA
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was also reduced except for the β-carotene enhanced cassava pILTAB746 (Fig. IV-8G).
The results in this study confirm the previous findings of Abreu & Munne-Bosch, (2008)
about the relationship between SA levels and protein content in β-carotene accumulating
plants and explains some, but not all, of the proteins being up-regulated, as suggested by
the microarray data. Two-dimensional protein gels could be used, as a tool, to identify
the proteins that are up-regulated due to SA in cassava storage roots.
Chromoplast maturation and development
The β-carotene accumulation was previously shown to cause global changes in
potato gene expression (Ducreux, et al., 2005).

As an attempt to understand the

expression changes in our transgenic cassava plants and to potentially find the source of
protein increase, we studied its expression profile using microarray technology. The
Euphobiaceae microarray chip was developed after establishing a genomic library of
leafy spurge’s expressed sequence tags (ESTs) (Anderson, et al., 2007), a close relative
of cassava. Other than the 9,000 cassava unigenes blotted on this chip, sequence analysis
of leafy spurge EST libraries have shown that more than 50% of these genes have
functional orthologues in common with cassava (Anderson, et al., 2007).

The

comparison between the protein and β-carotene enhanced cassava with the nontransgenic background, using the Euphorbiaceae chip, has shown more than 5,000 genes
to be differentially expressed. Among these genes, 630 genes showed spot intensities
over the cut-off value, where p-value is less than 0.05 for 6 biological replicates from 3
individual roots for each sample. Differentially expressed genes with likely Arabidopsis
counterparts

were

subjected

to

MIPS

functional

distribution

analysis

(http://mips.gsf.de/proj/funcatDB/search_main_frane.html) and categorized according to
their functions in the cell (Fig. IV-4). Genes that were differentially regulated, by more
than two-fold (Table IV-1), showed that important cellular processes have been altered,
transcription regulators being differentially expressed suggests that many metabolic
pathways are altered in the transgenic plants. In addition to the microarray data,
denaturing protein gels showed a number of different bands in the transgenic lines, that
do not exist in non-transgenic plants (Fig. IV-5A); the source of this protein increase is
unknown.

Previous studies showed that β-carotene molecules are preserved and
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contained within layers of chromoplast proteins and lipoproteins (Deruere, et al., 1994),
the chromoplast proteins, fibrillin and capsin proteins, were also shown to affect the
maturation of chromoplasts in bell pepper (Siddique, et al., 2006). In this study, RNA
reverse-transcription results (Fig. IV-5B) has confirmed the microarray data and showed
that plastids structural genes are up regulated, and electron microscopy results have
illustrated the differences between transgenic and non-transgenic cassava storage root
plastids (Fig. IV-6). Carotenoids pathway genes were found to be up-regulated (Fig. IV5C). In transgenic canola (Fujisawa, et al., 2009) and transgenic potato (Ducreux, et al.,
2005), transformed with the bacterial β-carotene enhancing genes, endogenous
carotenogenic genes were shown to be up-regulated, the accumulation of β-carotene is
hypothesized to alter the expression levels of some endogenous genes.
Nitrogen metabolism and the protein sink in roots
The increased activity of nitrogen assimilation in transgenic plants, accumulating βcarotene and/or protein, is correlated with the demand of amino acids, where the proteinrich transgenic lines (Fig. IV-2C) had more NR activity than the non-transgenic control
(Fig. IV-8B and -8C). The dual trait transgenic plants, pILTAB768, showed higher NR
activity than transgenic plants accumulating protein alone and more than transgenics
accumulating β-carotene alone in both leaves and roots (Fig. IV-8B and -8C). The
increased NR activity and the increased amino acid-nitrogen content in β-carotene
enhanced transgenic plants (Fig. IV-3A), indicate that transgenic plants have higher
capacity of nitrogen uptake. Similar results in NR activity and nitrogen assimilation were
obtained in studies concerned in cassava fertilizer applications (Cruz, et al., 2004), where
high NO3-nitrogen in the soil was found to affect the activity of NR in leaves and roots of
cassava. In leaves, nitrogen is assimilated at higher levels due to the demand for protein
and cyanogens biosynthesis (Siritunga & Sayre, 2004), studies have shown that the
assimilated nitrogen is transported from leaves to roots mainly in the form of glutamate
amino acids (Vetter, 2000) and then converted to other amino acids. In this study, the
glutamate amino acid was reduced by 20% in the β-carotene enhanced transgenic cassava
(Fig. IV-3A), suggesting that the majority of glutamate was converted to other amino
acids in pILTAB746 transgenic plants. The amino acid profile of pILTAB768 transgenic
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plants would have provided more insight to this suggestion if it was available, the
previously reported PB forming storage protein in cassava storage roots showed that the
amino acid profile of cassava roots is reflected by the quality and quantity of the
accumulated protein (Abhary, et al., 2010). Nevertheless, the strength of the new protein
sink in the storage roots of transgenic plants was observed through the reduced levels in
cyanogens content (Fig. IV-2E and -2F), indicating that the nitrogen flow was redirected
from cyanogens biosynthesis to protein synthesis.
Mineral content
The mRNA transcripts of ion-binding proteins (AtFro6, Lac5, and Phytoferretin)
were shown to be up-regulated in pILTAB768 transgenic plants (Fig. IV-7D, -7E and IV5B), the microarray data suggested that many other ion-binding proteins are differentially
expressed in the transgenic pILTAB768 plants. Mineral analysis results (Fig. IV-10)
have confirmed changes in Fe, Zn, Mn and Mg.

Macro and micronutrients were

increased, in different percentages, mainly in the storage roots of transgenic cassava,
greenhouse grown transgenic plants possessed higher levels of Fe, Zn, and Mn in its roots
due to the fertilizer application, which contained 4% Ca, 2% Mg and different levels of
all

macro

and

micro

nutrients

(http://www.jacksprofessional.com/products.pdf),

indicating that mineral absorption from the soil has increased due to the transcriptional
activation of endogenous ion-channel pumps, which work perfectly without the need to
transform cassava with additional ion pump genes.
Acquired resistance
Microarray data have suggested that transgenic plants would have more pathogen
resistance since some defense genes were up regulated. An important viral disease of
cassava caused by ACMV, was used here to investigate this suggestion, where ACMV
was shot into transgenic cassava plants along with the controls, including a known
resistant line (unpublished data).

Results have shown that transgenic plants have

acquired a modest resistance to this virus close to the known resistant transgene (G5),
showing that the virus titer was lower in transgenic plants (Fig. IV-9) and confirming the
presence of the pathogen-resistance proteins among the up-regulated genes in the
protein/β-carotene enhanced transgenic plants.
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Having all these intricate metabolic interactions as a result of transforming cassava
with one, two or three genes enriched our basic knowledge in cassava’s systems biology.
We have learned that the poor cassava plant is actually rich in genetic and metabolic
resources, but further investigations are required to understand how cassava does
organize and balance the expression of these genetic resources.

More research on

transcriptional factors activation can help us to understand the requirements to achieve
nutritional enhancement in this crop. Future planning for more experiments, concerning
protein and vitamin biofortification in cassava roots, can benefit from the information
generated by this study to come up with a better cassava crop that would solve
malnutrition problem in Africa.
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Materials & methods

Plasmid construction and cassava transformation. The crtB and dxs genes for βcarotene enhancement and pKAN2 binary vector were obtained from Dr. Ed Cahoon
(UNL. Nebraska). Genes were digested from their shuttle vectors and cloned between
BglII and BamHI sites in pMON999 shuttle vector (Monsanto) downstream to the patatin
root specific promoter (Koster-Topfer et al 1989).

The cassette containing patatin

promoter deriving dxs and ending with tNOS terminator was excised with HindIII and
NotI restriction enzymes and cloned into the corresponding cloning sites in pKAN2
binary vector. The crtB gene cassette derived by patatin root promoter was excised with
NotI and SmaI and cloned into the same sites in pKAN2 containing the dxs cassette. The
pKAN2 binary vector harboring both dxs and crtB genes was named pILTAB746. Next,
protein body shuttle vector PBSV-I cassette containing sporamin storage protein was cut
with HindIII and SmaI restriction enzyme, blunted with Mungbean exonuclease
(Promega) and cloned into the blunted AscI site in pKAN2 binary vector containing dxs
and crtB cassettes, the new vector was named pILTAB768.

The binary vector

pILTAB770 containing PBSV-I sporamin was used here as a control. The binary vectors
pILTAB746, pILTAB768 and pILTAB770 were transformed to Agrobacterium
tumefaciens strain LBA4404 by electroporation and used to transform cassava friable
embryogenic callus (FEC) of the West African cultivar 60444. Transformed cells were
recovered, and plants regenerated on selection media, propagated and sampled for DNA,
RNA screening.
Screening transgenic cassava lines. DNA was extracted from the propagated transgenic
cassava leaves (In-vitro plants) according to the Dellaporta method (Dellaporta et al
1983). Equal amounts of DNA (1 µg) from each sample were blotted directly on three
Nylon Hybond membranes (GE Amersham) and let to dry in room temperature for 30
minutes. The DNA was denatured by placing the membranes on saturated filter papers
with 0.5N NaOH for 5 minutes, followed by soaking the membranes in 1M Tris buffer
pH7.5 for 5 minutes and then membranes were transferred to be soaked in 2X SSC buffer
for another 5 minutes.

Finally, membranes were soaked in absolute ethanol for 5

minutes and dried in room temperature. Membranes were fixed by UV cross-linking and
hybridized with non-radioactive probes (dxs, crtB and sporamin genes) prepared by
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AlkPhos labeling kit (GE Amersham), according to the manufacturer instructions.
Southern blots were performed by cutting extracted DNA with AscI restriction enzyme
for copy number detection and loaded on 8% agarose. Smeared DNA was transferred to
Hybond Nylon membrane (GE Amersham), lysed and hybridized along with dot-blot
membranes after depurination for 15 minutes in HCl solution using primer sets that
correspond to each transgene. Transgenic plants showing positive dot-blots and have 1-2
copy number insertions were transferred to 7 cm pots in the greenhouse and also shipped
directly to the University of Mayaguez, Puerto Rico for the field trial evaluation.
Confined greenhouse and field trial growth conditions. Transgenic cassava events
with low (1-2) copy number, high RNA expression and high protein content were
propagated and transferred to soil in 7 cm pots grown in the greenhouse, and evaluated
for protein accumulation. Supplemental lighting was provided for 14 hours daily with
1000 W metal halide fixtures. Artificial lights provided an average photosynthetically
active radiation (PAR) of 250 µmol m-2 s1. Temperature was maintained at 28 °C during
the day and 25 °C at night. Fertilizer was applied at 200 ppm N, three times per week
using Jack’s 15-16-17 Peat Lite and once a week with Jack’s 15-5-15 Cal-Mag.
Transgenic cassava was grown for 9 months at the Isabella Agriculture Research Station
of the University of Puerto Rico, Mayaguez in Northeast Puerto Rico, in a randomized
block design with 3 reps and 8 plants/line/rep. A uniform distance of 1.5 m spacing was
maintained between each plant with non-transgenic 60444 plant randomly distributed
between transgenics. All steps to confine and contain the transgenic material were
observed as regulated by USDA APHIS. Yield data comprising the number of roots
above and below ground mass were measured per plant at harvest, 9 months after
planting. Dry matter content was calculated by computing specific gravity X per plant
root, where X=Wwater/(Wair- Wwater). Wair is normal weight of 3 to 5 kg of roots while
Wwater is the weight in water of those same roots. Dry matter percentage is then equal to
158.3x-142 (Kawano, et al., 1987).

Harvest index was calculated by assessing the

proportion of root fresh weight as a ratio of the total fresh weight of the plant (Kawano,
1990).

CHAPTER-IV
Protein and western analysis.

147
Total protein was extracted from lyophilized root

samples of transgenic cassava growing in the field according to Mainieri et al., (2004)
(Mainieri et al 2004) and quantified by Bradford assay (Bradford et al 1976). Equal
amounts of protein concentrations (40 µg) were loaded on a 12% w/v polyacrylamide gel
and transferred onto a nitrocellulose membrane. Membranes were blocked with 5%
skimmed milk in TTBS buffer and hybridized with anti-γ zein primary antibodies,
washed 5 times and HRP-conjugate secondary anti-bodies were used for subsequent
quantification after film development using ImageQuant software (GE Amersham).
Amino acid analysis. The amino acid composition of transgenic line pILTAB746 was
compared with non-transgenic roots collected from greenhouse grown plants. Harvested
cassava storage roots were peeled, sliced into pieces 1 cm thick, lyophilized and
grounded into fine powder using a coffee grinder. The amino acid composition of flour
produced from transgenic and non-transgenic cassava was analyzed by the Dept. of
Chemistry, University of Missouri, Columbia, MO by Chemical analysis, AOAC Official
Method 982.30 E (a,b,c), chp. 45.3.05, 2006.
Determination of cyanogenic content. Cassava leaf and root samples were collected
from transgenic and non-transgenic plants at nine months of age growing in field and
shipped to DDPSC overnight on ice, 100 mg fresh tissue ground in a closed tube
containing 1 ml TBS buffer with a ceramic bead using a FastPrep machine (MP
Biomedicals). Tubes were incubated for 10 min at room temperature then placed in 50
ml closed tubes containing 9 ml of 5M NaOH. Content of cyanogenic compounds was
measured using an Orion CN-sensitive electrode (Thermo-Scientific) after preparing a
standard curve of KCN. The electrode sensitivity was evaluated by measuring the HCN
captured in 5M NaOH from β-glucosidase activity on known concentrations of pure
linamarine purchased from (Sigma) and processed in the same way.
Carotenoid analysis. Lyophilized cassava tissues were used to measure carotenoid
concentrations in cassava plants, where 60 mg of cassava flour was added to 1.5 ml of
fresh diethyl ether in a tightly closed dark vials and incubated in room temperature with
gentle shaking for 60 min. Vials were centrifuged at 2,000 rpm for 5 min and the
supernatant was used for spectrophotometer readings at λ= 470, 641.8 and 660 nm.
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Carotenoids were calculated according to the following equation (Lichtenthaler, 1987) =
(1000A470 – 1.3Ca – 33.12Cb)/213. Where Ca = 9.93A660 – 0.75A641.8 and Cb = 16.23A641.8
– 2.42A660.
Microarray analysis. The RNA was extracted from transgenic cassava storage roots
grown in the greenhouse along with the non-transgenic 60444 control using Triazol
reagent (Invetrogen) following the manufacturer instructions and cleaned with RNeasy
kit columns (Qiagen). Total RNA (30 µg) were mixed with oligo d(T)18 and denatured at
70 °C for 10 min then chilled on ice. Reverse transcription was performed by mixing 0.5
mM of each dATP, dCTP and dGTP with 0.2 mM dTTP, 0.3 mM aadUTP (aminoallyl
UTP) and 10mM DTT in a 50 µl PCR tube, then 500U of Superscript II (Invitrogen) was
added to the mix and incubated for 3 hours at 42 °C. One molar of NaOH (20 µl) was
added with 20 µl of 0.5 M EDTA to degrade RNA then 20 µl of 1M HCl was added to
neutralize the solution.

Complementary DNA was run through MiniElute PCR kit

columns (Qiagen) and eluted twice with 10 µl of phosphate buffer pH 8.6. Eluted cDNA
was mixed with 1 µl of the prepared Cy3 or Cy5 monofunctional dye (GE Amersham)
with 0.2 M NaHCO3 pH 9.0 and incubated in the dark at room temperature for 1 hour.
Reaction was stopped by the addition of 3 µl 4M hydroxylamine hydrochloride and
incubating for 30 min. Labeled cDNA with Cy3 or Cy5 were mixed and purified using
PCR elution columns (Qiagen). On the other hand, microarray slides were prehybridized
with 5X SSC, 0.1% SDS and 1% BSA solution and washed 3 times with distilled water
then slides were placed in 50 ml tubes and centrifuged for 2 min at 2,000 rpm to dry.
Slides were placed in hybridization chambers and denatured cDNA was added on the
slides with the hybridization buffer and incubated at 60 °C overnight. Hybridized slides
were washed 5 times with washing buffer followed by isopropanol wash then centrifuged
to dry. Immediately, microarray slides were scanned using ArrayWorx scanner (Applied
Precision) with laser at 595 nm for Cy3 and 685 nm for Cys at 9.756 µm resolution.
Scanner software generated the primary readings and data were collected and aligned
with EST position for each spot after eliminating bad spots and background. Replicate
spot intensities were averaged and the ratio between Cy3 and Cy5 labeled spots were
calculated in a separate excel sheet and data sets for each hybridized slide was
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normalized using Lowess algorithm. Confidence levels were calculated by t-test P-values
and differentially expressed genes were filtered according to their p-value.

The

expression patterns for all biological replicates in transgenic line pILTAB746 and the
non-transgenic control, where p-value was less the 0.05, were submitted to MIPS
pathway analysis and ordered according to their functional categories.
Semi-quantitative RT-PCR and northern dot blots. For reverse transcription RTPCR, total RNA was extracted from transgenic cassava storage roots using plant RNeasy
isolation kit (Qiagen) following the manufacturer instructions, 1 µg of RNA was blotted
on Hybond nylon membranes (GE Amersham) for northern hybridization and cDNA was
generated from 1µg of RNA by Superscript-II one-step RT-PCR kit (Invitrogen) using
primer sets for each corresponding gene. Cassava α-tubulin gene was used as a control
for the RT-PCR.
Nitrogen metabolism and plant hormone analysis. Transgenic cassava harvested from
the field trial was used to measure the activity of Nitrate reductase (NR), Glutamine
synthase (GS), Glutamate synthase (GOGAT) and Glutamate dehydrogenase (GDH). For
NR, 5 g of fresh cassava storage roots and leaves were immediately homogenized with
NaR assay buffer (NECi) and NR activity was measured in spectrophotometer following
manufacturer instructions.

Activity of GS, GOGAT and GDH, were measured as

described by Cruz et al (2004) (Cruz et al 2004) from 5 g of fresh cassava root tissues.
Plant hormones (ABA and SA) were measured at the proteomics core facility in DDPSC
using LC-MS/MS (LC Pakings Ultimate system) from a 100 mg of frozen cassava
tissues.
Element analysis. Harvested cassava storage roots from the field trial were peeled and
washed with distilled water then cut to 3-5 cm pieces using plastic knife. Samples were
washed again with distilled water and frozen in -80 °C to be lyophilized in a plastic
container. Dry cassava samples were ground into flour using ceramic pestle and mortar.
A 100 mg of cassava flour was digested and dissolved in 65% HNO3 for 1 hour in room
temperature. Elements (Fe, Zn, Mn, Mg, K, and Ca) were measured using inductively
coupled plasma mass spectrometry (ICP-MS) (Agilent Technologies)
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Virus challenging. African cassava mosaic virus (ACMV-[CM] Acc. No. AF112352)
DNA was provided generously by Dr. Basavaprabhu Patil. Viral DNA components were
coated with gold particles as previously described by Makwarela et al., 2006 (Makwarela
et al 2006) and used to shoot 3-week-old cassava plants, where cassava cultivar 60444
was used as a control, pILTAB576-G5 transgenic cassava was used as resistance control
(ILTAB: unpublished data), pILTAB746, pILTAB768 and pILTAB770 transgenic
cassava in this study. Plants were shot at pressure of 1500 psi using Bio-Rad PDS1000/He biolistic device and grown under greenhouse conditions described. Four weeks
after infection, plants were visually scored in a scale from 1 to 5, where 1 is mild and 5 is
severe, and leaf samples from the top of the plant were collected. DNA was extracted by
Dellaporta method (Dellaporta et al 1983) and quantified using Nano-drop-2000
spectrophotometer (Thermo Scientific), and then 500 ngs of DNA were blotted on
Hybond membranes (GE Amersham). Membranes were lysed as described previously
and DNA was fixed by UV cross-linker then hybridized with non-radio actively labeled
viral probes and the developed signals were quantified using ImageQuant software (GE
Amersham)
Electron microscopy. Cassava storage roots from the non-transgenic cultivar 60444 and
the pILTAB746 transgenic cassava were washed with distilled water and cut into 1-5 mm
pieces with a razor blade. Immediately, the small pieces were placed in a planchette with
a cap and subjected to high pressure freezing, then removed from the high pressure
freezing and kept liquid nitrogen with packing buffer (0.15 M sucrose in 50 mM PIPES,
pH 6.8). Samples were freeze-substituted for 5 days at -80 °C in dry solvent (2%
osmium, 0.1% uranyl acetate in acetone made and chilled right before use) and slowly
warmed up to room temperature, then rinsed in acetone. Specimens were infiltrated with
Spurr’s resin very slowly, to insure embedding of the plasma membrane and other
recalcitrant structures, ½ day each in 5% and 10%, one day each in 25%, 50%, 75% and
100%. Dehydration was performed in 10%, 25%, 50%, 75% and 95% v/v ethanol on dry
ice for 1 hour each with constant agitation, changing solutions after 30 min. Tissues were
infiltrated in a graded series of Histoclear in ethanol: 50%, 75%, 95% Histoclear for 2
hours each, then in Histoclear overnight, then infiltrated in 1:1 Histoclear / wax mixture
for 8 hours at 56 °C. The wax infiltrated was performed for 96 hours refreshing the wax 3
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times / day and tissues were embedded in mold with fresh wax and cooled to room
temperature overnight (Spence, 2001). Then removed from mold, trimmed and sectioned
at 5-15 µm using diamond blade in ultra-microtome. Sections were placed on 300-mesh
gold grids and viewed under Leo 912 AB Energy-filter transmission electron microscope
(TEM). Sections were viewed in EM-400
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Cassava (Manihot esculenta Crantz.) is ranked the fifth most important crop in the
world (Welsch, et al., 2008), feeding more than 700 million people in the tropics and subtropical regions of the world. In Africa, cassava is a staple food crop that is consumed
more than once per day and sometimes it is the only meal of the day (Nweke, et al.,
2002). The storage roots of cassava, the edible part of the plant, are filled with starch,
which represents more than 80% of its dry matter (Cock, 1985), providing the highest
calorie content among the most important crops (Tonukari, 2004).

Unfortunately,

cassava roots are low in fat, protein, phosphorus (Munyikwa, et al., 1997), vitamins and
minerals (Tonukari, 2004), which makes it rank at the bottom among crops in terms of
nutritional value. With the current world food crisis, it is hard or impossible for those
living in severe poverty to substitute or supplement their cassava diet with other
nutritious food. Malnutrition and chronic protein deficiencies are often reported in areas
where cassava is consumed as the main diet (Lancaster, et al., 1982), high cyanogenic
glucosides in cassava along with its low nutritional profile can causes inadequate nutrient
intake (Geglios, et al., 2010), which develops into diverse acute symptoms leading to
death (Kamalu, 1993).
There has been a growing interest to improve the nutritional quality in cassava
through breeding (Nassar, et al., 2009), but the challenges related to trait instability due
to the heterozygous nature of cassava (Rojas, et al., 2009) and the limitations of the
genetic pool makes breeding a slow unreliable investment. The only attempt concerning
nutritional improvement of cassava storage roots through transgenesis (Zhang, et al.,
2003) showed that the constitutive expression of soluble storage proteins does not
increase the protein content in cassava storage roots. Subcellular protein targeting has
been suggested in recent reviews as a solution to overcome the stability and accumulation
problems of expressed proteins (De Jaeger, et al., 2002).
In this thesis, I investigated the possibility of improving the protein content in
cassava storage roots directly by targeting the storage proteins to subcellular
compartments and indirectly through modifying a metabolic pathway, all by using a root
sink promoter. Therefore, we first explored the capacity of cassava to express and
accumulate a storage protein, which was targeted to the endoplasmic reticulum (ER), in
the storage roots (Chapter II). Next, we used the tobacco BY2 cell culture as a model
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system to find the elements required for triggering protein body (PB) formation, for any
potential storage protein, in the ER and we used the outcome of this study to transform
cassava (Chapter III-A). Furthermore, I investigated the possibility of using starch as a
molecule to store storage proteins (Chapter III-B). Finally, as an alternative strategy, I
modified the carotenoids metabolic pathway in cassava storage roots to cause indirect
increase in the protein content along with carotenoid accumulation (Chapter IV).
Besides, we have used microarray technology to compare transgenic with non-transgenic
cassava plants and studied the expression and metabolic changes after transformation.
All of the experiments were performed under greenhouse and field growth conditions to
study the agronomic characteristic of the transgenic plants being generated. For all this
work, increasing the protein content in cassava storage roots and understanding the
limitations to do so, was the overall objective. An overview of the different strategies
and achievements for each experimental chapter is discussed here.
Protein expression and accumulation in cassava storage roots
Although cassava is not the only starchy root crop to be modified, only few
examples of successful attempts to improve the protein content in starchy root crops are
reported. In potato, the seed albumin protein from Amaranthus resulted in 40% increase
in the protein content of potato tubers (Chakraborty, et al., 2000). In sweet potato, the
constitutive expression of the artificial storage protein ASP1 was reported to increase the
protein content by 2 to 3-fold in all tissues (Egnin, et al., 2001), but when this protein
was used in the “only attempt” to increase the protein content in cassava storage roots,
constitutively expressed under the control of CaMV35S promoter, no significant increase
in protein content was observed (Zhang, et al., 2003). Based upon the results of these
studies, there was a concern that the expressed proteins would not be stable and/or would
lead to altering the plant phenotype and physiology.

To explore the feasibility of

expressing and accumulating storage proteins in cassava storage roots, cassava was
transformed to express zeolin, a fusion protein between a truncated zein and the complete
phaseolin, that has the ability of forming stable PBs in the ER and accumulate to high
levels in plant cells (Mainieri, et al., 2004), under the control of patatin tuber promoter
(Koster-Topfer, et al., 1989). Surprisingly, zeolin expression resulted in a total protein
increase by 4-fold greater than non-transgenic cassava, reaching 12.5% of the roots dry
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Transgenic cassava plants,

expressing green fluorescent protein GFP under the control of patatin promoter did not
show any significant increase in storage roots total protein content, and the constitutive
expression of GFP or zeolin did not elevate the protein content in the roots, indicating
that the subcellular and tissue targeted expression are both essential to increase the total
protein content in cassava storage roots. On the other hand, zeolin expression caused de
novo formation of PBs in the storage roots that were not seen or reported in wild type
cassava. Further investigations showed that zeolin is associated with other proteins and
polypeptides found in the ER, suggesting that PBs encapsulate other proteins while it is
folding and stabilizing itself in the ER, a lytic free environment (Vitale & Denecke,
1999).

Although zeolin mRNA transcript was detected in leaves and roots, the

accumulation was restricted to the storage roots when we used the patatin promoter. The
constitutive expression of zeolin under the control of CaMV35S promoter showed the
opposite, zeolin accumulated mainly in leaves and very low in roots. This finding
indicates the absolute requirement to use suitable promoters to achieve accumulation of
protein products in cassava storage roots. Our greenhouse and field trial studies did not
show any significant phenotypic change in the transgenic plants, but a significant
pleiotropic effect of zeolin expression was seen with a correlated reduction in free amino
acids and cyanide content. Free amino acids were found to be reduced approximately by
30% in the storage roots of transgenic plants, and unlike non-transgenic plants, the most
abundant free amino acids found in zeolin transgenic cassava were aspartate and
glutamate, both known to be forms of nitrogen transport in cassava (Vetter, 2000). This
nitrogen flow was observed in the reduction of cyanide levels in leaves and roots
(measured as HCN reduction), where the transgenic plants had their cyanogenic
compounds levels reduced by 55% when compared to the non-transgenic controls,
hypothesizing that the nitrogen pools in cassava were redirected from cyanogens
biosynthesis toward the new protein sink created in the roots.
Improved amino acid profile in transgenic plants expressing zeolin protein
Conversely to the reduction of free amino acids and cyanides, levels of total
(free+bound) amino acids increased in transgenic roots to reach 3.5 to 4.0 times that of
non-transgenic controls, amounts closely corresponding to the total increase in protein

CHAPTER-V

160

content. Total amino acid analysis results revealed levels of individual amino acids
reflecting that of zeolin profile, such that all essential amino acids (except tryptophan,
which is absent in zeolin) were enhanced 4 to 9-folds in transgenic cassava roots.
Importantly, the sulfur-containing amino acids cysteine and methionine, known to be
very low in cassava (Montagnac, et al., 2009), were elevated 9 and 4.5-fold respectively.
The amino acid profile analysis indicates that the modified total amino acid profile can be
largely accounted for by the accumulation of zeolin, but also in a minor way by the
presence of other proteins. Moreover, the accumulation of storage protein in transgenic
cassava to the levels achieved in this experiment (Chapter II) was not limited by a
capacity to synthesize particular amino acids, which were all elevated between 4.5 and 11
times compared to the wild type and with a profile reflecting the zeolin amino acid
profile.
Concluding, up to this point, that cassava has the ability to express and
accumulate storage proteins when targeted to the relevant tissue and when packaged in a
PB, protecting the protein from degradation turn over (Pompa and Vitale, 2006). The
observed promoter-dependent, organ specific accumulation of zeolin, may result, at least
in part, from source/sink partitioning of nitrogen resources between the leaves and
storage roots, i.e. reduced levels of cyanogenic glycosides (down to 55% within leaf
tissues, when zeolin was expressed) by either the 35S or patatin promoter. This in
addition supports previous evidence that a flow of cyanogenic glucosides exists between
leaves and storage roots in cassava (Vetter, 2000; Jorgensen, et al. 2005).
Protein body formation in BY2 cell culture system
Transgenic cassava, expressing zeolin PBs, showed that cassava is capable of
expressing and accumulating high levels of protein in its storage roots. Therefore, we
hypothesized that the PB formation was essential to accumulate high protein levels in the
roots. To confirm this hypothesis we needed to express various proteins and also to
encapsulate other non-PB forming proteins into a PB. We used the tobacco BY2 cell
culture as a fast model system to investigate the nature of PB formation, from the
example of zeolin and the natural PB forming sequences, to find alternative proteins that
could be used in cassava. Candidate proteins with high nutritional profiles, such as
sporamin from sweet potato (Xiong, et al., 2009) and barley’s BHL8 protein (Jung &
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Carl, 2000), are known to be rich in lysine and essential amino acids; these proteins,
which are normally not forming PBs, were the target sequences to be used in the PB
formation study. Previous reports have shown that the γ-zein proline-rich repeat portion
of the zeolin protein is responsible for targeting the fused phaseolin sequence to the ER
(Mainieri, et al., 2004), but additional sequences found in phaseolin itself are required to
perfect the folding into PBs (Pompa & Vitale, 2006). When we fused the γ-zein portion
to GFP, BHL8 or sporamin proteins, we found protein aggregates, but when we added the
full β-zein sequence or a portion of β-zein, containing cysteine residues and a
hydrophobic amino acid stretch, target proteins were able to form PB-like structures in
BY2 cells. Detailed investigations showed that these PBs encapsulate other proteins and
polypeptides found in the ER, like zeolin PBs (Chapter II). The outcome product, called
Protein Body Shuttle Vector I (PBSV-I), was immediately used to transform cassava,
hoping that it would behave the same way as zeolin PBs did in cassava, but the
mechanism of forming PBs was still uncovered. Therefore, we continued with BY2 cell
system to understand what kind of sequences triggers the formation of PBs, as this would
help us in using minimum sequence length when it comes to multi-gene stacking in
cassava for nutritional enhancement.
Essential molecular elements in protein body formation
The process of PB formation starts with retaining the expressed protein sequences
in the ER, the proline-rich repeat from the γ-zein sequence serve as an ER-retention
signal with high affinity towards the ER-BiP chaperone (Vitale & Pedrazzini, 2005),
providing more stability and accumulation in the lytic-free ER environment (Pompa &
Vitale, 2006). However, the fusion chimera between γ-zein and target proteins, require
other elements to help in the accumulation process through the formation of PBs (Pompa
& Vitale, 2006). The addition of the full β-zein sequence to the γ-zein fusion protein
triggered the formation of PBs in both BY2 cells and cassava storage roots (Chapter
IIIA), indicating that the required molecular elements to form PBs are within the β-zein
sequence. Substituting the full β-zein sequence in PBSV-I with a truncated β-zein
sequence containing only cysteine amino acids and a hydrophobic stretch (called PBSVII) was sufficient to trigger the PB formation, suggesting that proline-rich repeat
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sequence from γ-zein and cysteine amino acids with a hydrophobic stretch from β-zein
are all required to trigger PB formation whether the truncated β-zein sequence was on the
3` or 5` end of the target protein (Chapter III-A). Before any further sequence scale
down, we investigated whether the PBSV-II sequences are essential in the formation of
PBs or not. When BiP chaperone was knocked out in these cells; PBSV-II fused proteins
were found in the cytoplasm of the transgenic cells and not packed in ER vesicles, while
interrupting the disulfide bonds between cysteine amino acids, by adding a reducing
agent to cultured cells, resulted in resolubilizing the PBs.

Finally, eliminating the

hydrophobic stretch of the PBSV-II sequence resulted in reducing the amount of PBs in
the cell, indicating that anchoring PBs to ER and its derived vesicle membranes is
important for the accumulation process of these PBs. These data suggest that the prolinerich repeat and BiP binding site from γ-zein and the cysteine amino acids along with the
hydrophobic stretch from β-zein are essential elements in triggering the PB formation and
it helps in recombinant protein accumulation in host cells. In addition to these molecular
elements, previous studies have shown that certain 3`UTR sequences can positively affect
both mRNA stability and protein accumulation (Okita, et al., 1998). The addition of the

β-zein 3`UTR to the β-zein coding sequence resulted in localizing mRNA to the ER and
increased both mRNA transcript and expressed protein levels. Since the presence of the
3`UTR sequence resulted in a 1.5-fold increase in protein level, all PBSVs were
engineered to contain the same 3`UTR for further protein accumulation with the
exception of the zeolin construct that was used as reported by Mainerei et al., (2004).
One of the main characteristics of zein proteins is their ability of sequestering
other proteins into the formed PBs (Hinchliffe & Kemp, 2002). The purified insoluble
PBs in this study were visualized, using SEM, as spherical bodies with a diameter
ranging from 5 to 7 µm, their theoretical expected molecular weight corresponds to the
fused target proteins.

Surprisingly, the actual molecular weight was higher than

expected, when PBs were sonicated and denatured, other proteins appeared, suggesting
that the PBs contained other proteins and polypeptides within its closed spherical
structure.

MS-identification of the other protein bands showed ATPases and ER-

membrane proteins. The ATPase-affinity based purification confirmed the same result,
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indicating that the PBs sequester and encapsulate other proteins during the folding
process of PBs in the ER.
In tobacco BY2 cells, the expression of phaseolin or GFP soluble proteins
resulted in a total protein content increase from 0.04% in non-transgenic cells to 0.05% in
transgenic cells, while sporamin and BHL8 soluble protein sequences resulted in a total
protein increase to 0.07% in transgenic cells, previous studies have shown that sporamin
and BHL8 have a slow degradation turnover in cells (Xiong, et al., 2009; Jung & Carl,
2000), indicating that stability is a major factor in protein accumulation. On the other
hand, the addition of ER retention sequence (the γ-zein proline-rich repeat) resulted in a
2.7-folds increase in total protein content, suggesting that subcellular targeting is also
essential for protein accumulation in transgenic cells. The importance of PB formation in
the total protein increase was shown in the ability of PBSV fusion proteins (BHL8 and
sporamin) to elevate the total protein content in transgenic cells up to 3.7 and 4-folds,
respectively. These results would suggest the capability of using this technology in
producing PBs on industrial scale and also the ability to produce other sensitive proteins
that would be protected within the PBs, especially with the easy low cost purification
process of these PBs.
Transgenic cassava expressing PBSV-I
Transgenic cassava expressing PBSV-I proteins (sporamin, BHL8 or both)
accumulated more than 10.4% protein (dw) over a period of 7-months growing in the
field, while soluble GFP transgenic plants did not show any significant increase over the
wild type cassava.

On the other hand, erGFP transgenic cassava accumulated

approximately 4.9% protein (dw) in the greenhouse, compared to non-transgenics (2.8%)
(dw), confirming previous results from the tobacco BY2 experiment and showing that
protein targeting to the ER accumulates more protein than the expression of soluble
cytoplasmic proteins (Wandelt, et al., 1992).

Surprisingly, the expression of both

sporamin and BHL8 PBs together in transgenic cassava had only 7.74% (dw) and did not
have a compound effect on total protein content, after 6 months of growth in the
greenhouse. It is possible that the high expression of multiple genes from the same type
of PBSV-I vector may result in misfolding and degradation in other cellular
compartments, as reported in the case of zeolin in tobacco (Bellucci, et al., 2007), this
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Cyanide measurements in PBSV-I transgenics also

showed a reduction in total HCN levels correlated with the protein increase, and no
significant morphological differences were observed in field-grown plants compared to
the control plants.
The PB technology showed that cassava is capable of expressing and
accumulating large amounts of protein in its storage roots without compromising its
growth or development, but the limit of protein accumulation is still uncovered. The
expression of PBSV-I sporamin showed that cassava has accumulated up to 10.48%
protein in the storage roots and the expression of PBSV-I BHL8 transgenic cassava
resulted in 10.11% total protein content in the storage roots. Stacking PBSV-I sporamin
with PBSV-I BHL8 in the same plant did not show any compound effect for both PBs; on
the contrary, it failed to reach an equal level for any of the single PBSV-I transgenic
plant, this result would suggest that the ER capacity of folding and processing proteins is
limited to this point, but other cellular compartments may have a higher potential of
storing proteins.
Starch binding domain
Since starch represents more than 80% of the dry matter in cassava roots, we
investigated the possibility of using starch granules as a target molecule to store and
accumulate storage proteins.

Previous studies have demonstrated that the starch

modifying enzymes perform their activity, in the amyloplast, after attaching themselves
to the starch granule through a starch-binding domain (SBD) (Ji, et al., 2003). The SBD
have been used in earlier studies to modify the chemical and physical properties of potato
starch granules for industrial uses (Firouzabadi, et al., 2007).

Therefore, we

hypothesized that using the SBD to target storage proteins to the starch granules would
increase the total protein content in cassava starchy storage roots. Indeed, fusing the
SBD sequence to GFP showed remarkable fluorescence in the peel, xylem and
parenchyma starch-storing cells in cassava roots, indicating that GFP was actually
associated with starch. Targeting sporamin protein to the starch granules resulted in total
protein increase by 2.7-fold greater than the wild type when patatin promoter was used.
Like PBs, the SBD-fusion protein accumulation in cassava roots affected the HCN levels,
strengthening the source/sink hypothesis for the nitrogen flow between leaves and roots
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in cassava, but the transgenic plants had a reduction in dry matter content, this reduction
correlated with the level of protein content, indicating that our proteins are causing this
phenomenon. The SEM images confirmed this relationship, showing that the starch
granule structure was severely altered and their size was drastically reduced. Previous
reports showed that SBD fusion proteins accumulate within the granule and not on the
surface (Ji, et al., 2003), my hypothesis to explain this altered size and structure is that
the storage proteins blocked the way for the starch granule biogenesis enzymes, having
both, storage proteins and starch biosynthetic enzyme competing on the same spot of the
starch granule. Nevertheless, the ability to accumulate up to 8.3% dw protein in the
storage roots of cassava is significant when compared to non-transgenic plants.
The superiority of PB technology over SBD fusions in cassava roots, in terms of
increasing the total protein content, is prevalent and confirms the previous reports stating
that the ER can accumulate high levels of protein without affecting plant growth or
development (Pompa & Vitale, 2006). The decrease in dry matter content, which was
associated with the SBD fused protein expression, is a result of the altered starch granule
morphology; further studies in biochemical and physiological characteristics of the new
protein-starch in cassava are required to determine where it could be used industrially.
Protein enhancement through accumulating β -carotene
Carotenoids accumulation in cassava hybrids was previously reported to be
associated with improved amino acid profile, quantity and quality (Nassar, et al., 2009).
To understand this relationship and its potential impact on the total protein accumulation
of PBs, we generated transgenic cassava expressing crtB (Ye, et al., 2000) and dxs
(Estevez, et al., 2001) genes to accumulate β-carotene in the storage roots and searched
for the amino acid/protein change. Transgenic cassava storage roots accumulated more
than 45 µg/g of β-carotene and 4.5% protein (dw), a 15 and 1.6-fold increase,
respectively, when compared to the non-transgenic cassava. The amino acid increase in

β-carotene enhanced transgenic cassava storage roots was associated with a reduction of
total HCN content and an up-regulation of the carotenoids pathway genes and also in
chromoplasts structural proteins, as seen in EM (Chapter IV). The changes in functional
and structural proteins were previously reported in other crops, enhanced with β-carotene
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Using microarray technology, we found that the dual trait

transgenic plants (accumulating protein and β-carotene) had 630 differentially expressed
genes controlling important cellular processes and metabolic pathways. In-depth analysis
showed that the transgenic cassava had more ability to assimilate nitrogen, indicating that
the protein synthesis machinery in storage roots, is actively consuming the free amino
acids; this was observed in the amino acid profile of zeolin plants as well (Chapter II).
Moreover, element composition also changed; having many ion-binding proteins upregulated in the microarray data was confirmed by the element analysis, where macro and
micronutrients were increased, in different percentages, mainly in the storage roots of
transgenic cassava.
Previous reports have shown that β-carotene accumulation is associated with
diverse physiological changes in transgenic plants (Welsch, et al., 2008), especially when
accumulated in high levels (Fray, et al., 1995; Lindgren, et al., 2003). The β-carotene
molecule is a precursor for the ABA phytohormone biosynthesis (Fray, et al., 1995). The
increased levels of ABA in β-carotene enhanced plants, shown in chapter IV, is expected
to cause other changes, such as abiotic stress responses in cassava (Arango, et al., 2010).
One of the abiotic stress responses effects is the osmotic adjustment in leaves and roots
(Alves & Setter, 2003), by controlling mineral concentration and water content. Mineral
analysis results showed an increase in Fe, Zn, Mn, and Mg in the storage roots of
transgenic cassava, suggesting that the mineral absorption from the soil has increased due
to the transcriptional activation of endogenous ion-channel pumps, which works perfectly
without the need to transform cassava with additional ion pump genes. On the other
hand, the dry matter content reduction in β-carotene enhanced transgenic cassava (Fig.
IV-3E) is suggested to be a consequence of the aboitic stress response, caused by
increased ABA levels, through increasing the water content in the storage roots.
Transgenic cassava plants, accumulating β-carotene and/or protein, had increased
activity in nitrogen metabolism and assimilation. More NR activity was observed in
protein-rich transgenic lines than non-transgenic plants, where protein is accumulating,
indicating that transgenic cassava roots has higher capacity of nitrogen uptake. In leaves,
nitrogen is assimilated at higher levels due to the demand for protein and cyanogen
biosynthesis (Siritunga & Sayre, 2004) studies have shown that the assimilated nitrogen
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is transported from leaves to roots in the form of glutamate amino acids (Vetter, 2000)
and then converted to other amino acids.

The amino acid profile of pILTAB768

transgenic plants would have provided more insight to this suggestion if it was available,
the previously reported PB forming storage protein (zeolin) in cassava storage roots
showed that the amino acid profile of cassava roots is reflected by the quality and
quantity of the accumulated protein (Abhary, et al., 2010).
Another suggested source for protein increase is the Salicyalic Acid (SA)
phytohormone, the relationship between SA, β-carotene, and protein content was
previously described in Arabidopsis plants (Abreu & Munne-Bosch, 2008). In this study,
the β-carotene accumulation has affected the levels of SA in the roots and leaves of
transgenic cassava and the reduced levels of SA were observed in all transgenic plant
roots when compared to the non-transgenic control, leaf SA was also reduced except for
the β-carotene enhanced cassava pILTAB746. The results in this study confirms the
previous findings of Abreu & Munne-Bosch (2008) about the relationship between SA
levels and protein content in β-carotene accumulating plants and explains some, but not
all, of the proteins being up-regulated, as suggested by the microarray data. Twodimensional protein gels could be used, as a tool, to identify the proteins that are upregulated due to the change in SA levels in cassava storage roots.
Concluding remarks
Cassava storage roots are valued for the high calorie content and the superiority
when compared to other crops as a source of food security against famine (Augusto &
Alvez, 2005). As a good source of dietary carbohydrates, containing more than 85%
starch in its dry weight, cassava roots are deficient in proteins, vitamins, and minerals
(Cock, 1985). Although the cassava genome sequence has been published and became
available, cassava research is outdated compared to other important crops, such as corn
and rice, with limited information about protein expression or biochemical and metabolic
pathways.
In this thesis, I studied the expression and accumulation of proteins in cassava
storage roots, I found that cassava accumulate proteins in its storage roots when the
proteins are targeted to subcellular compartments and derived by a suitable-organ
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promoter. The expression of cytoplasmic soluble proteins in cassava, such as GFP, did
not increase the total protein content, while the expression of ER targeted GFP had
significantly increased the protein content, by at least 2.7-fold greater than the wild type,
in the storage roots when a tuber specific promoter, such as the patatin promoter, was
used to derive the expression. On the other hand, I found that PBs can accumulate to
high levels in the storage roots of cassava and increase the total protein content from 3%
up to 12.5% dw, without affecting the plant growth or development. In addition, the
protein accumulation in cassava roots reduces the cyanogens content of the whole plant
by redirecting the nitrogen reserves from cyanogens biosynthesis towards the new protein
sink in the roots.
A new technology has been developed in this study to produce PBs for any
potential protein sequence by fusing the target proteins to specific peptides derived from
maize proteins, which can trigger the PB formation in the ER of cassava storage root
cells. The de novo PBs accumulated within the storage roots of cassava and increased the
total protein content up to 4-fold greater than the non-transgenic cassava roots. To find
out whether the 4-fold protein increase is the limit of cassava to accumulate proteins or is
it the limit of the PB technology, I used alternative and compound strategies. The starch
granules were used as storing molecules for the expressed proteins in one experiment
(Chapter III-B), and PBs were expressed along with β-carotene enhancement genes in
another experiment (Chapter IV). The starch-binding domain technology showed that the
protein increase affects the size and the morphology of starch granules and the total
protein content reached 8.2%. The β-carotene accumulation increased the total protein
content in cassava storage roots up to 4.5% but this accumulation has affected other
pathways and was associated with a reduction in the dry matter content. The β-carotene
and protein accumulation, together in the same transgenic cassava, was able to increase
the total protein content up to 11.2% in the storage roots but was also associated with
changes in metabolic pathways.

Microarray analysis results showed that transgenic

plants, accumulating β-carotene and protein, had a different expression profile,
microarray results were confirmed by RT-PCR, enzymatic activity assays, and mineral
analysis. Among the changes in transgenic cassava, nitrogen metabolism was enhanced,
showing that transgenic plants had more activity to assimilate and metabolize nitrogen.
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The hormone levels and the mineral composition were also changed in transgenic plants;
this change was measured in transgenic plants expressing β-carotene enhancement genes,
PBSV-I protein, and in transgenic plants transformed with PBSV-I and β-carotene
enhancement genes. The β-carotene accumulation caused changes in the expression
profile of the carotenoids pathway enzymes, plastid structural proteins, and the
phytohormone levels in transgenic plants. On the other hand, protein accumulation
caused changes in ER folding capacity, vesicle transport system, and ion-membrane
channels. The expression of both traits, β-carotene and protein, amplified the effect of
each single trait and caused new changes in the expression profile of transgenic cassava.
The intricate metabolic interactions as a result of transforming cassava with one,
two or three genes enriched my basic knowledge in cassava systems biology. I have
learned that the nutritionally poor cassava plant is actually rich in genetic and metabolic
resources, but further investigations are required to understand how cassava does
organize and balance the expression of this rich genetic resource and more research on
transcriptional factors can help us to understand the requirements to achieve nutritional
enhancement in this crop.
Cassava storage roots provide a large harvest index with reported yields of up to
70 tons/ha (Kawano, 1990), translating to a potential of 2.9 tons/ha protein product at the
12.5% dw level achieved in this study. The capacity to modify this large organ into a
novel sink for nitrogen, shown in this study, indicates that cassava likely possesses
significant potential to produce and accumulate a range of proteins with nutritional,
industrial or pharmaceutical value in a manner that deserves further investigation.
The fact that cassava has the lowest protein : energy ratio (P:E) of any staple food,
with protein content ranging from 0.7-2% dw, demonstrates that a two year old child
consuming 50% of his/her dietary energy as wild type cassava will receive about 5 g
dietary protein per day, equivalent to 35% of their daily protein requirement
(Anonymous, 2007). The same child consuming the same amount of modified cassava
accumulating storage protein at levels achieved in this study would obtain approximately
18 g of dietary protein, or more than 100% of their daily requirement, illustrating that
genetic modification of cassava could be a potentially important component of delivering
enhanced nutrition to at-risk populations in the tropics.
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